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PREFACE 


Stress  corrosion  cracking  (SCC)  of  high  strength  structural  alloys  was  one 
which  caused  numerous  serious  problems  throughout  the  Department  of  Defense 
(IX)D)  and  DOD-rclated  NASA  programs  during  the  Id60's.  Partly  because  of 
these  problems,  there  has  been  a decade  of  unusually  high  research  activity  in 
the  SCC  field,  leading  to  numerous  conferences  in  which  research  investigators 
reported  the  results  of  their  studies,  largely  for  the  benefit  of  other  research 
investigators.  Thus,  we  now  have  available  a number  of  conference  proceedings 
particularly  useful  to  SCC  specialists.  These  proceedings  are  not  only  predomi- 
nantly aimed  for  the  SCC  specialist,  but  in  addition,  concentrate  on  basic 
aspects,  which  is  indeed  entirely  appropriate. 

The  first  chapter  is  intended  to  place  the  problem  in  perspective  and  thereby 
make  the  succeeding  chapters  easier  for  the  readers  and  also  shorter  by  omitting 
much  of  the  material  which  is  common  to  the  three  alloy  families  treated  in  this 
monograph.  The  second  chapter  treats  specimens  and  test  hods,  but  only 
those  specimens  provided  with  a preexisting  crack.  The  reason  for  this  seemingly 
one-sided  presentation,  all  but  ignoring  the  non-precracked  specimen,  is  that 
stress  analyses  for  smooth  specimens  are  commonly  available,  whereas  the  stress 
analyses  for  cracked  bodies  (fracture  mechanics)  are  not  so  widely  available. 
Chapters  3,  4,  and  5 treat  each  of  the  three  high  strength  structural  alloy  families 
in  turn.  The  treatment  of  the  three  families  differs  greatly  from  one  to  another. 
Part  of  the  difference  is  of  course  a reflection  of  the  different  authors.  But  more 
importantly  there  are  enormous  differences  between  the  status  of  SCC 
technology  and  of  physical  metallurgy  of  the  three  families.  SCC  has  been 
studied  far  longer  and  more  extensively  in  aluminum  alloys  than  for  steels  or 
>mni  alloys.  Once  SCC  was  recognized  as  a serious  problem  in  some  titanium 
alloys,  a relatively  higher  proportion  of  the  effort  was  devoted  to  physical 
metallurgy  than  was  the  case  with  steels  and  aluminum  alloys.  For  this  reason 
and  because  much  of  the  modern  physical  metallurgy  of  titanium  alloys  has  not 
diffused  widely  throughout  the  technical  community  and  is  not  available  in 
collected  form,  the  authors  of  the  chapter  on  titanium  have  included  a much 
higher  proportion  of  physical  metallurgy  tutorial  material.  A certain  amount  of 
repetition  from  one  chapter  to  another  has  been  deliberately  retained  on  the 
supposition  that  some  readers  may  read  only  one  or  two  chapters  of  greatest 
interest,  and  that  therefore  some  important  thoughts  if  given  only  once  would 
be  missed. 
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The  present  monograph  devotes  a much  smaller  proportion  of  space  to 
theories  than  do  other  contemporary  volumes  on  the  same  subject.  One  reason 
for  this  is  that  three  recent  symposia  were  aimed  exclusive))'  at  basic  aspects  of 
the  problem,  and  there  is  no  need  to  repeat  here  the  essence  of  proceedings  which 
are  widely  available.  A second  reason  for  emphasis  upon  macroscopic  data  rather 
than  on  theory  is  that  theory  has  not  arrived  at  the  point  where  it  can  be  used  to 
predict  the  macroscopic  SCC  behavior  of  fundamentally  new  combinations  of 
alloy  and  environment.  This  is  not  to  say  that  theory  is  not  important,  nor  does 
it  imply  a lesser  need  for  developments  in  theory  in  the  future.  On  the  contrary, 
even  before  theory  achieves  th"  status  of  being  able  to  have  macroscopic 
predictive  capability,  it  is  useful  in  organizing  what  would  otherwise  be  a vast 
heap  of  jumbled  observations  But  for  a very  long  time,  '«"nd  macroscopic 
experimental  data  will  have  to  be  used  to  avoid  upIv  SCC  surprises  in  new 
systems.  Hence  th"  emphasis  in  this  monograph  on  macroscopic  test  methods 
and  the  data  they  produce. 

This  monograph  has  been  prepared  not  as  a scientific  treatise  for  the  seasoned 
specialist  in  the  field  but  rather  primarily  for  the  program  manager’s  staff,  the 
designer’s  staff,  the  materials  engineer,  and  the  newcomer  to  the  field  of  SCC. 
Since  the  preparation  of  the  monograph  was  supported  by  the  Advanced 
Projects  Research  Agency  of  the  DOD,  the  reader  of  first  concern  is  the  staff 
engineer  of  the  DOD  or  the  DOD  contractor.  Accordingly,  the  engineering  data 
are  given  largely  in  the  units  most  familiar  to  U.S.  engineers,  that  is,  stress  and 
strength  are  given  in  pounds  per  square  inch  (psi)  or  thousands  of  pounds  per 
square  inch  (ksi),  stress  intensities  are  given  in  Vsi  \/m.,  commercial  heat-treating 
temperatures  are  commonly  given  in  degrftes  Fahrenheit,  whereas  laboratory 
research  temperatures  are  given  in  degrees  Celsius,  and  some  temperatures  are 
given  on  both  scales.  The  reason  for  this  policy  was  again  determined  from  a 
consideration  of  the  reader  interest.  Although  the  engineer  customarily  sees 
commercial  heat-treating  specifications  written  in  the  Fahrenheit  scale,  the 
laboratory  investigator  commonly  controls  and  records  on  the  Celsius  scale.  It 
thus  does  not  seem  undesirably  inconsistent  to  report  the  properties  of  a 
material  having  a commercial  aging  treatment  at  1000°F  tested  in  boiling 
magnesium  chloride  at  1S4°C. 

The  matter  of  referencing  is  a compromise.  Inserting  the  names  of 
investigators  into  the  text  interferes  with  the  readability  by  the  engineer,  and  so 
the  attribution  common  in  research  literature  is  eschewed.  For  the  benefit  of  the 
reseaich  investigator,  most  of  the  statements  of  fact  are  referenced  instead  by 
numbers  only.  It  is  characteristic  of  the  subject  and  the  times  that  many  of  the 
references  are  reports  of  contract  research  work  supported  by  the  Federal 
Government.  Even  the  existence  of  many  of  these  documents  may  not  be  widely 
known,  and  in  many  cases  they  were  retained  in  the  editing  process  partly  on  the 
basis  of  providing  archive  information,  to  help  prevent  the  loss  of  research 
findings  particularly  during  the  period  of  greatly  decreased  research  activity 
which  may  lie  ahead. 
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1.  FUNDAMENTALS 


1.1  Historical  Background 

Stress  corrosion  cracking  (SCC)  is  a cracking  process  caused  by  the  conjoint 
action  of  stress  and  a corrodent.  The  phenomenon  first  became  of  widespread 
technological  importance  in  the  last  half  of  the  19th  century  with  the  adoption 
of  the  cold-drawn  brass  cartridce  case,  followed  by  the  use  of  brass  for 
condenser  tubes  in  the  rapidly  growing  electric  power  industry.  During  this 
period  the  phenomenon  we  now  call  SCC  was  termed  “season  cracking"  because 
of  the  resemblance  between  stress-corrosion  cracks  and  cracks  in  seasoned  wood. 

In  1886  a cold-drawn  wire  of  a gold  alloy  containing  silver  and  copper  was 
shown  to  be  susceptible  to  SCC  in  ferric  chloride,  thus  demonstrating  that  the 
phenomenon  was  not  confined  to  brass  or  even  to  base  metals  and  drawing 
attention  to  the  important  role  of  tensile  stress  to  the  process  [ 1 1 . By  the  end  of 
the  19th  century  the  role  of  residual  stress  in  the  SCC  of  brass  was  so  widely 
recognised  that  an  acidified  mercurous  nitrate  solution,  which  causes  liquid 
metal  cracking  of  cold-worked  brass,  was  in  common  use  to  test  whether  a given 
annealing  treatment  was  adequate  to  relieve  the  residual  stresses  in  cold-formed 
products.  Also  toward  the  end  of  the  19th  century,  “caustic  cracking”  (SCC) 
was  observed  in  unalloyed  boiler  steel.  In  the  first  two  decades  of  the  20th 
century  SCC  was  reported  in  aluminum  alloys  and  in  high  strength  steel  (in  the 
latter  as  quench  cracks).  During  the  1930’s  SCC  was  reported  in  austenitic 
stainless  steels  and  in  magnesium  alloys.  During  the  I950’s  and  1960’s  SCC  was 
reported  in  titanium  alloys,  and  in  1970  in  a zirconium  alloy. 

Thus  SCC,  once  thought  confined  to  a few  systems  (combinations  of  metals 
and  environments),  must  now  be  n-garded  as  a general  phenomenon  which  any 
alloy  family  may  experience,  given  the  wrong  combination  of  heat  treatment 
and  environment. 

1 .2  Characteristics  of  SCC 

The  following  characteristics  ate  common  to  most  if  not  all  SCC : 

I.  Tensile  stress  is  a necessary  condition,  which  may  be  provided  either  by 
cold  work  and  stored  as  residual  stress  or  by  externally  applied  service  stress.  In 
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some  systems  the  stress  may  be  supplied  entirely  by  the  wedging  action  of 
corrosion  products  ( 2 J . 

2.  The  alloy  is  usually  almost  inert  to  the  environment  which  causes  cracking. 
This  characteristic  was  pointed  out  in  an  early  discussion  of  SCC  in  mild  steel 
pans  used  to  evaporate  sodium  chloride  and  sodium  nitrate  solutions:  “The 
action  upon  the  steel  is  totally  different  in  the  case  of  the  different  solutions. 
You  may  go  to  a waste  heap  and  pick  out  the  pieces  of  steel  that  have  come 
from  a sodium  chloride  pan  and  those  that  have  come  from  a sodium  nitrate 
pan.  Those  that  have  come  from  a sodium  chloride  pan  are  all  rusty,  the  steel 
rusted  through,  while  those  from  the  sodium  nitrate  pan  are  not  rusted  at  all, 
but  they  are  cracked"  (3| . An  important  exception  to  this  characteristic  is  low 
alloy  high  strength  steel,  which  may  experience  general  rusting  at  the  same  time 
it  is  cracking. 

3.  Only  certain  combinations  of  alloys  and  environments  produce  SCC, 
though  this  specificity  is  less  general  than  is  sometimes  stated.  The  specificity  of 
ammonia  for  cracking  brass  is  often  cited  as  an  example.  But  brass  will  also  crack 
in  sulphur  dioxide,  in  mercury,  and  in  some  organic  liquids. 

4.  The  necessary  corrodent  species  need  not  be  present  either  in  large 
quantities  or  in  high  concentrations  in  the  bulk  environment  to  produce  its 
effect.  Again,  brass,  for  example,  can  be  cracked  by  ammonia  concentrations  in 

j air  too  low  to  be  detected  by  smell.  SCC  in  austenitic  stainless  steels  can  be 

caused  by  chloride  concentrations  of  a few  parts  per  million  in  the  bulk  water 
phase,  though  a local  chloride  concentrating  process  may  be  active.  In  fact, 
localized  concentrations  of  specific  anions  to  produce  in  the  active  sites 
environments  greatly  different  from  the  bulk  environment  is  so  common  that  it 
may  be  recognized  as  a separate  characteristic  of  SCC.  Thus  in  steels,  titanium 
alloys,  and  aluminum  alloys  undergoing  SCC  in  neutral  or  even  alkaline  seawater 
or  salt  water,  the  corrodent  within  the  cracks  is  distinctly  acH.  Also,  the 
corrodent  within  stress  corrosion  cracks  in  magnesium  alloys  is  distinctly 
alkaline,  and  the  corrodent  within  caustic  embrittlement  cracks  in  boiler  steel  is 
highly  alkaline,  in  both  cases  differing  markedly  from  the  bulk  environment. 

5.  Stress  corrosion  cracks  are  brittle  in  macroscopic  appearance  even  though 
the  metal  may  behave  in  a highly  ductile  manner  in  a purely  mechanical  fracture 
test.  Despite  their  brittle  macroscopic  appearance,  the  fracture  surfaces  may 
however  show  evidence  of  considerable  plastic  flow  on  a micron  scale. 

6.  Metallograpnically  the  stress  corrosion  fracture  mode  is  usually  much 
different  from  the  purely  mechanical  plane  strain  (“brittle  fracture”)  separation 
mode  of  the  same  metal.  It  was  once  considered  that  multiple  branching  of  stress 
corrosion  cracks  was  so  characteristic  as  to  be  diagnostic  of  SCC.  But  it  is  now 
known  that  multiple  branching  does  not  always  occur  in  SCC,  as  will  be 
discussed  later  in  this  chapter. 

7.  There  appears  to  be  a threshold  stress  or  stress  intensity  below  which  SCC 
does  not  occur,  at  least  in  most  systems.  The  existence  of  such  a threshold  has 
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never  been  universally  accepted.  The  subject  is  of  immense  practical  and 
theoretical  importance,  and  it  is  beset  by  complexities  and  difficulties,  also 
discussed  in  a subsequent  section  of  this  chapter. 

8.  SCC  docs  not  occur  in  pure  metals,  though  there  may  be  a few 
technologically  unimportant  exceptions  to  this  generalization. 


1 .3  Sequence  of  Events  in  SCC 

SCC  is  a nucleation  and  growth  process.  If  a metal  does  not  have  a preexisting 
crack  or  other  flaw  in  the  surface,  and  if  it  is  covered  by  an  oxide  film,  the 
sequence  of  events  in  SCC  is  as  shown  in  Fig.  1 . First,  the  oxide  film  is  ruptured 
either  mechanically  or  by  the  action  of  a chemical  species,  such  as  the  chloride 
ion.  This  film  rupture  represents  the  initiation  of  pitting,  which  itself  is  a 
nucleation  and  growth  process.  The  primary  Inaction  of  the  corrosion  in 
initiating  SCC  was  once  thought  to  be  to  provide  stress  concentration,  and 
emphasis  was  accordingly  placed  on  the  shape  and  the  size  of  the  pits.  Deep 
conical  pits  were  said  to  be  more  serious  than  shallow,  saucer-shaped  ones. 


t ig.  1.  Sequence  of  events  (left  to  right)  in  a stress  corrosion  test  on  an  initially  smooth 
specimen.  For  low  alloy  steels  in  seawater,  the  rate  of  growth  of  stress  corrosion  cracking  is 
faster  than  it  is  for  pitting  by  a factor  of  about  ID6,  and  fast  fracture  propagates  at  about 
1010  times  faster  than  stress  corrosion  cracking. 


It  has  long  been  known  that  the  composition  of  the  corrodent  within  growing 
corrosion  pits  can  differ  markedly  from  that  of  the  surrounding  bulk  corrodent, 
due  to  hydrolysis  reactions  producing  changes  in  pH  within  the  pits  [4] . The 
porous  corrosion-product  cap  over  the  pit  restricts  the  interchange  between  the 
local  environment  within  the  pit  and  the  bulk  environment  outside  it.  Work  in 
recent  years  has  demonstrated  that  the  composition  of  the  corrodent  within 
growing  stress  corrosion  cracks  can  also  differ  sharply  from  that  of  the  bulk 
environment  outside  the  crack,  and  indeed  for  a given  system  there  is  a great 
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deal  of  similarity  between  the  solution  within  corrosion  pits  and  that  within 
stress-corrosion  cracks.  There  is  probably  a causal  relationship  between  the  pH 
within  the  corrosion  pit  and  the  nucleation  of  a stress-corrosion  crack,  and  the 
primary  function  of  pitting,  in  those  cases  in  which  it  is  required  to  initiate  SCC, 
is  not  mechanical  but  chemical  to  permit  establishment  of  a local  environment 
conducive  to  cracking.  Thus  if  a smooth  specimen  of  austenitic  stainless  steel  is 
stressed  in  (neutral)  boiling  NaCI,  SCC  does  not  commence  until  after  pitting  has 
occurred.  But  the  same  steel  stressed  in  boiling  MgClj,  which  is  slightly  acid, 
may  commence  cracking  with  little  or  no  discernible  pitting,  presumably  because 
now  the  bulk  environment  is  conducive  to  cracking  without  requiring  hydrolytic 
modification.  Likewise  SCC  may  commence  in  a high  alloy  high  strength  steel  in 
neutral  salt  water  at  a preexisting  fatigue  crack,  or,  on  an  unnotched  or 
uncracked  surface,  cracking  will  initiate  immediately  if  the  pH  has  been  lowered 
locally  by  the  addition  of  acid. 

Referring  again  to  Fig.  1,  when  the  stress-corrosion  crack  has  attained  a 
sufficient  length  and  if  the  stress  has  not  been  relaxed,  we  see  that  the  critical 
combination  of  stress  and  crack  length  are  met  for  unstable  (purely  mechanical 
“brittle  fracture”)  crack  extension,  and  the  remaining  ligament  separates  at  a 
high  rate- approximately  one-third  the  speed  of  sound.  Just  how  long  the 
stress-corrosion  crack  grows  before  the  onset  of  fast  fracture  depends  upon  the 
magnitude  of  the  stress  and  the  fiacture  toughness  of  the  alloy.  The  chemical 
environment  has  no  effect  on  this  terminal  fast  fracture  process. 

The  kinetics  of  the  various  processes  shown  in  Fig.  1 are  given  schematically 
by  curve  A of  Fig.  2.  If  the  metal  were  somewhat  more  brittle,  the  kinetics 
might  be  represented  by  curve  B.  A very  brittle  material,  such  as  the  hot-work 
die  steel  designated  H-ll  heat  treated  to  maximum  hardness,  might  be 
represented  by  curve  C,  which  shows  fast  fracture  being  initiated  by  a corrosion 
pit,  with  no  SCC  at  all.  The  behavior  of  a material  which  does  not  pit  (such  as 
titanium  in  unheated  seawater)  would  be  represented  by  a line  coincident  with 
the  abscissa,  designated  D in  Fig.  2.  If  one  measured  only  undifferentiated  time 
to  failure,  the  characterizations  of  the  four  materials  of  Fig.  2 would  be  as 
shown  on  the  line  above  the  graph.  The  time-to-failure  order-of-merit  rating 
would  then  be  D (best),  A,  B,  and  C (poorest).  Actually,  the  SCC  characteristics 
of  C and  D have  not  been  measured  at  all,  and  the  true  SCC  order  of  merit  of  A 
and  B is  opposite  to  that  inferred  from  time-to-failure  data  alone.  Thus 
undifferentiated  time-to-failure  data  can  be  highly  misleading,  particularly  in 
high  strength  alloys  where  the  brittle  fracture  termination  of  SCC  can  make 
important  differences  in  the  total  time  to  failure. 

1 .4  Smooth  and  Precracked  Specimens 

Mechanistic  studies  over  the  past  quarter-century  have  contributed  some  new 
ideas,  but  these  contributions  have  been  of  limited  utility  in  the  formulation  of 
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fig.  1.  Kinetics  for  pitting  (or,  in  O,  nonpitting),  SCC  (materials/)  and  B only),  and  fast 
fracture  (lower  plot).  Line  at  top  shows  how  misleading  timc-to-failure  data  can  be 


new  alloys  more  resistant  to  SCC  or  to  the  design  of  structures  and  the  selection 
of  materials  to  avoid  the  SCC  problem.  Although  one  continues  to  hope  for 
more  guidance  for  the  engineer  from  future  fundamental  studies,  until  that  hope 
is  fulfilled  he  will  have  to  rely  upon  prior  experience.  That  prior  experience  can 
be  provided  by  structures  in  service,  or  it  can  be  provided  by  laboratory  tests  if 
the  laboratory  tests  adequately  model  real-life  service.  Hence,  the  emphasis  in 
this  monograph  is  upon  macroscopic  test  methods  and  the  information  they 
have  contributed. 

A smooth  specimen  models  a structure  perfect  in  design  and  in  fabrication, 
just  as  a precracked  specimen  models  a structure  with  the  worst  kind  of 
imperfection.  All  structures  would  therefore  be  expected  to  behave  in  service  in 
a manner  lying  within  the  extremes  modeled  by  the  two  types  of  specimens. 
This  line  of  reasoning  would  indicate  that  there  is  justification  for  employing 
both  specimens  to  establish  the  SCC  characteristics  of  a given  material  under  the 
two  limiting  conditions.  There  are  two  principal  reasons  for  including  the 
precracked  specimen  for  characterizing  the  SCC  properties  of  many  materials, 
(a)  Certain  alloys,  particularly  titanium  alloys,  do  not  pit  in  fresh  water  or  in 
seawater  at  room  temperature,  and  a smooth  specimen  of  such  alloys  does  not 
experience  SCC  in  these  environments.  One  might  tend  to  draw  the  inference  of 
lack  of  susceptibility  from  such  experiments.  But  a notched  or  precracked 
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I ig  2 Kinetics  for  pitting  (or,  in  D,  nonpitting),  SLC  (materials  A and  B only),  and  fast 
fracture  (lower  plot)  Line  at  top  shows  how  misleading  timc-to-failure  data  can  be. 


new  alloys  more  resistant  to  SCC  or  to  the  design  of  structures  and  the  selection 
of  materials  to  avoid  the  SCC  problem.  Although  one  continues  to  hope  for 
more  guidance  for  the  engineer  from  future  fundamental  studies,  until  that  hope 
is  fulfilled  he  will  have  to  rely  upon  prior  experience.  That  prior  experience  can 
be  provided  by  structures  in  service,  or  it  can  be  provided  by  laboratory  tests  if 
the  laboratory  tests  adequately  model  real-life  service.  Hence,  the  emphasis  in 
this  monograph  is  upon  macroscopic  test  methods  and  the  information  they 
have  contributed. 

A smooth  specimen  models  a structure  perfect  in  design  and  in  fabrication, 
just  as  a precracked  specimen  models  a structure  with  the  worst  kind  of 
imperfection.  All  structures  would  therefore  be  expected  to  behave  in  service  in 
a manner  lying  within  the  extremes  modeled  by  the  two  types  of  specimens. 
This  line  of  reasoning  would  indicate  that  there  is  justification  for  employing 
both  specimens  to  establish  the  SCC  characteristics  of  a given  material  under  the 
two  limiting  conditions.  There  are  two  principal  reasons  for  including  the 
precracked  specimen  for  characterizing  the  SCC  properties  of  many  materials, 
(a)  Certain  alloys,  particularly  titanium  alloys,  do  not  pit  in  fresh  water  or  in 
seawater  at  room  temperature,  and  a smooth  specimen  of  such  alloys  does  not 
experience  SCC  in  these  environments.  One  might  tend  to  draw  the  inference  of 
lack  of  susceptibility  from  such  experiments.  But  a notched  or  precracked 
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specimen  of  the  same  titanium  alloy  which  resisted  pitting  may  display 
spectacular  susceptibility  to  SCC.  (b)  Mosl  of  the  important  structural  alloys 
have  some  degree  of  susceptibility  to  SCC  in  seawater,  fresh  water,  atmospheric 
moisture,  or  other  reasonably  common  environments,  and  it  is  not  possible  to 
label  some  of  them  "immune”  and  therefore  acceptable  without  further 
consideration  and  to  label  the  others  “susceptible”  and  therefore  to  be  rejected. 
For  this  gray  area  we  need  to  quantify  the  resistance  to  SCT,  and  it  will  be 
shown  that  the  use  of  a precracked  specimen  permits  just  such  quantification. 
There  is  a further  value  of  the  precracked  specimen,  and  that  is  that  the  precrack 
rendeis  unnecessary  the  waiting  period  for  the  development  of  a corrosion  pit. 
thereby  saving  most  of  the  time  which  otherwise  would  be  required  for  the 
initiation  stage.  For  alloy  steels  this  pitting  stage  may  require  half  a year  or  more 
in  seawater. 

In  the  absence  of  a corrosion  pit  or  of  a stress  corrosion  crack  or  other 
surface  discontinuity,  classical  stress  analyses  are  of  course  available  and  valid  for 
smooth  bend  beams,  tensile  bars,  and  other  smooth  geometries.  After  a stress 
corrosion  crack  commences  to  grow,  however,  or  if  the  specimen  is  provided 
with  a fatigue  precrack,  classical  stress  analysis  cannot  handle  the  situation.  One 
attempt  to  treat  stress  at  the  root  of  a crack  is  to  report  the  nominal  membrane 
stress  at  the  crack  tip  as  if  the  material  already  cracked  had  been  removed;  that 
is,  as  if  the  bar  were  uncracked  but  simply  thinner  than  originally  (see  Fig.  3). 
Such  an  approach  equates  a deep  crack  in  a thick  plate  to  a shallow  crack  in  a 
thinner  plate  and  equates  both  to  an  unblemished  plate  slightly  thinner  still.  It 
should  be  obvious  that  such  an  “analysis”  is  seriously  defective,  and  in  fact  it  has 
been  so  demonstrated  experimentally  [5] . If  one  is  therefore  to  quantify  stress 
in  the  presence  of  a crack,  as  is  needed  to  describe  the  effect  of  the  stress  factor 
on  the  SCC  process,  it  is  necessary  to  find  an  alternative  to  the  nominal  stress 
method.  Fortunately  such  an  analysis  is  available  in  the  form  of  linear  elastic 
fracture  mechanics. 

Since  fracture  mechanics  can  treat  the  stress  field  around  a single  crack,  tf  one 
is  employing  fracture  mechanics  in  a stress  corrosion  test  it  is  customary  to  start 
with  a preexisting  crack  so  disposed  as  to  be  analyzable.  This  crack  is  commonly 


l ig  3.  Nominal  stress  in  the  presence  of  a crack  is  equivalent  to  replac- 
ing cracked  body  by  a smooth  body  (at  right)  having  the  same  depth  as 
the  unbroken  ligament,  obviously  a defective  "analysis.” 
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produced  by  fatiguing  a specimen  containing  a sharply  machined  groove.  An 
alternative  method  suitable  for  the  high  strength  aluminum  alloys  is  described  in 
the  chapter  on  aluminum. 


1 .5  The  Role  of  Fracture  Mechanics 

The  stress  at  any  point  in  the  elastic  region  near  a crack  tip  can  be  expressed 
by  field  equations  containing  a scaling  factor  K [6],  This  factor,  the  stress 
intensity  factor,  pertains  to  conditions  oflinear  elastic  behavior  and  not  directly 

the  plastic  conditions  known  to  prevail  at  the  site  of  crack  extension.  The 
value  and  pertinence  of  the  factor  K to  SCC  lies  in  the  fact  that  the  undefined 
stress  and  strain  conditions  at  the  crack  tip  are  caused  by  the  elastic  field 
quantified  by  K . Therefore  if  a given  level  of  K in  the  elastic  region  is  found  to 
cause  a specific  event,  such  as  stress  corrosion  crack  extension,  in  the  plasticized 
crack-tip  region,  then  any  combination  of  geometry  of  solid,  geometry  of  crack, 
and  stress  which  duplicates  the  given  level  of  K will  produce  a duplication  of  the 
same  crack  extension  if  the  material  and  the  environment  are  the  same.  Thus  the 
function  of  K is  to  quantify  the  stress  in  a manner  that  is  relatable  to  other 
geometries  of  body  and  of  crack.  In  an  infinite  plate  having  a crack  length  2 a 
normal  to  a tensile  stress  field  having  a value  of  o remote  from  the  crack 
(K  = o \fn a),  K then  has  the  units  of  stress  multiplied  by  the  square  root  of 
length.  It  is  commonly  expressed  as  ksi  VS-  The  expressions  for  K in  small 
bodies  suitable  for  laboratory  test  specimens  are  discussed  at  length  in  Chapter  2. 

Thus,  fracture  mechanics  does  not  by  itself  alone  provide  independent  new 
knowledge  about  SCC;  it  simply  provides  a usable  method  for  treating  the  stress 
factor  in  the  presence  of  a crack. 

In  general,  the  effect  of  K on  SCC  kinetics  is  as  shown  in  Fig.  4 [7] . The  log 
crack  growth  is  approximately  linearly  proportional  to  K , as  denoted  by  region  I 
of  the  figure.  At  higher  K levels  some  transport  process  becomes  saturated  and 
the  crack  growth  rate  is  independent  of  K,  as  indicated  by  the  horizontal 
segment  labeled  region  II.  At  still  higher  K levels  there  may  be  another 
A -dependent  region,  labeled  III  in  Fig.  4.  Region  III  or  even  both  II  and  III  may 
be  missing  in  certain  combinations  of  metals  and  environments  if  the  fracture 
toughness  is  so  low  that  fast  fracture  occurs  at  levels  of  K lower  than  the  onset 
of  region  III  or  of  region  II.  (The  K level  which  causes  fast  fracture  is  designated 
Kc  or  K]c,  the  c referring  to  the  critical  value  of  K for  causing  mechanical 
fracture.)  Region  I may  also  be  missing  due  to  an  abrupt  cessation  of  SCC  as  the 
K level  is  lowered  in  region  II. 

In  region  I the  plane  of  the  growing  crack  tends  to  remain  normal  to  the 
tensile  axis.  Any  budding  side  branch  of  that  crack  at  an  angle  to  the  original 
crack  plane  would  experience  a lower  K value  and  hence  would  have  its  stress 
field  relieved  by  the  main  crack  which  would  go  shooting  forward  with  the 
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l'ig.  4.  Generalized  SCC  kinetics.  Last  fracture  at  one  of  the  points  marked  K/c  may 
preclude  development  of  region  III  or  of  II  and  III.  There  may  be  a true  threshold 
K |JCC  or  the  kinetics  may  simply  decrease  continuously  to  ever  smaller  but  finite 
values  asK  is  decreased,  denoted  by  broken  line  prolongation  of  region  I (after  Ref.  7). 


kinetic  advantages  expressed  by  the  log  crack  growth  rate  vs  K in  region  I.  But 
well  out  in  region  II  a side  branch  would  not  experience  a crack  rate  penalty 
because  of  its  lower  K,  and  hence  one  sees  crack  branching  in  this  region.  The 
crack  division  or  branching  which  occurs  in  region  II  must  be  one  of  the  reasons 
that  multiple  branching  is  often  cited  as  a characteristic  of  SCC.  Another  reason 
for  this  citing  is  probably  the  early  observations  of  SCC  in  cold-formed  articles, 
in  which  the  residual  stress  patterns  were  complex. 

There  appears  to  be  a threshold  value  of  K below  which  SCC  stops  altogether 
for  some  metals.  This  is  almost  certainly  true  for  titanium  alloys,  it  appears  to  be 
true  for  high  strength  steels,  but  it  does  not  appear  to  be  true  for  aluminum 
alloys,  as  is  discussed  in  Chapter  S . 

The  question  of  the  existence  of  a true  threshold  is  of  such  obvious  practical 
and  theoretical  importance  that  the  newcomer  might  wonder  why  the  question 
is  not  settled  almost  as  the  first  order  of  business.  The  reason  is  that  to  prove  the 
existence  of  a threshold  one  must  prove  that  below  a certain  level  there  is  zero 


10 


i liNIMMI NTALS 


crack  growth,  and  proving  negatives  is  often  difficult,  tn  this  particular  case  one 
would  want  to  be  able  to  say  that  below  the  stress  threshold  (if  one  exists)  a 
crack  will  not  extend  further  no  matter  how  sensitive  the  measuring  technique 
and  no  matter  how  magnified  the  sensitivity  by  virtue  of  length  rf  '.bscrvation. 
The  practical  approach  seems  to  be  to  provisionally  accept  the  existence  of  a 
threshold  for  titanium  alloys  and  high  strength  steels  in  natural  waters  unless  and 
until  a better  method  to  quantify  SCC  resistance  is  needed  and  available.  For 
aluminum  alloys  the  K level  for  some  arbitrary  but  slow  rate  of  growth  would 
scent  to  be  a practical  way  of  characterizing  their  SCC  resistance. 

The  threshold  above  which  SCC  has  been  observed  but  below  which  it  has  not 
been  observed  is  designated  K\scc.  This  symbol  was  derived  by  inserting  the 
initial  letters  of  stress  corrosion  in  the  symbol  for  the  critical  K for  plane  strain 
mechanical  fracture  K\( . The  Roman  number  1 designates  the  opening  mode  of 
fracture  (as  in  the  opening  of  a book),  distinguished  from  the  sliding  mode,  for 
example.  The  numeral  is  superfluous  in  SCC  because  SCC  occurs  only  by  mode 
I.  There  is  no  stress  corrosion  analog  of  the  shear  lip,  although  mechanical  shear 
lips  may  form  as  borders  to  a stress  corrosion  crack. 

The  corrosion  scientist  would  tike  to  have  the  full  kinetic  curve  of  K vs  the 
crack  growth  rate.  The  engineer  can  seldom  justify  obtaining  the  full  curve,  for 
rarely  does  he  know  cither  the  initial  algebraic  sum  of  residual  and  applied  stress 
or  this  same  sum  during  the  course  of  siress  corrosion  crack  propagation  in  a 
large  or  complex  structure.  Hence  he  is  more  likely  to  settle  for  a simple  K|Jfc  if 
it  exists  in  a given  system. 

If  one  accepts  a threshold  designated  K iscc  or  adopts  an  arbitrary  Kj  (the  K 
level  for  an  arbitrary  crack  growth  rate  in  region  I of  Fig.  4),  one  can  do  some 
useful  arithmetic  with  the  Irwin  equation  for  the  stress  intensity  around  a crack 
in  the  surface  of  a metal: 


K 2 


1.2tra2a 


y;2  -0.212 


(1) 


where  a is  the  depth  of  the  crack,  a is  the  stress,  ay  is  the  yield  strength,  and  y?  is 
a factor  for  the  shape  of  the  crack.  If  the  length  of  the  crack  is  2b,  then  y;2  has 
the  values  for  various  crack  shapes  listed  in  Table  1.  If  one  assumes  a long,  thin 
flaw  and  the  existence  of  yield-point  stress,  then  from  Eq.  ( I ) stress  corrosion 
wuuid  be  expected  to  propagate  if  the  flaw  depth  exceeded  acr , given  by 


a cr 


(2) 


The  value  of  acr  may  thus  be  regarded  as  a figure  of  merit  which  incorporates 
both  the  SCC  resistance  /C|jcc  and  the  contribution  which  yield  strength  stress 
levels  can  make  to  SCC  hazard  by  virtue  of  residual  or  fit-up  stresses. 
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Table  1 . V aiues  of 


a 

b 

'f1 

0 

(very  long,  thin  crack) 

1.00 

0.25 

1.14 

0.5 

1.46 

0./5 

1.89 

1.0 

(semicircular) 

2.46 

One  can  plot  Eq.  (2)  for  various  values  of  acr  as  shown  in  Fig.  5.  This  plot  is  a 
convenient  framework  for  displaying  the  SCC  characteristics  of  materials.  II  a 
given  material  was  found  to  have  a A [5(  (-  as  indicated  by  point  .v.  a surface  crack 
0.1  in.  deep  would  be  deeper  than  required  to  propagate  a stress  conosion  crack 
in  the  same  environment  used  to  determine  the  K[SCl-.  But  a crack  0.01  it.,  deep 
would  no!  propagate  a stress  corrosion  crack  in  the  same  materia)  in  the  same 
environment. 


Hg.  5.  Plot  of  Eq  ( I ) for  two  assumed  values  of  ocr,  assuming  long  surface 
flaws  and  yield  strengln  stresses  operating.  A material  having  a K value  as 
indicated  by  x ~ould  be  safe  from  SCC  in  the  pertinent  environment  if  one 
can  be  sure  surface  flaws  will  be  no  deeper  than  0.01  in.;  SCC  will  occur  if 
they  are  as  deep  as  0.1  in. 
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A plot  of  A|,((  data  such  as  Fig.  5 can  he  used  in  a slightly  different  way:  If 
one  knows  that  he  cannot  detect  and  remove  cracklike  flaws  less  than,  say, 
0.01  in.  deep,  then  if  he  lias  yield-point  stresses  he  must  select  a materia!  having 
a K\SI  C ah  >ve  the  0 01  in.  line  in  Fig.  5. 

There  arc  three  aspects  of  the  use  of  fracture  mechanics  in  SCC  where 
confusion  is  evident  from  statements  made  in  the  literature  or  at  technical 
conferences.  One  of  these  statements  might  be  worded  as  follows:  “Fracture 
mechanics  cannot  be  used  for  low  strength  alloys  such  as  austenitic  stainless 
steels  because  enormous  specimens  would  be  required.”  This  statement  is  an 
incorrect  inference  from  the  requirements  for  purely  mechanical  plane  strain 
fracture  toughness.  Indeed  fracture  mechanics  would  not  be  useful  for  the 
evaluation  of  mechanical  brittleness  in  such  materials  because  general  yielding 
throughout  any  reasonable  specimen  prior  to  fracturing  would  invalidate  the 
fracture  mechanics  analysis  based  on  elasticity  theory.  SCC  on  the  other  hand 
occurs  in  austenitic  stainless  steel  at  such  low  stress  levels  that  elastic  fracture 
mechanics  is  applicable.  The  second  statement,  also  incorrect,  might  be  worded. 
“Since  SCC  involves  a certain  amount  of  localized  plasticity,  an  analysis  based 
on  elastic  theory  (such  as  liner  elastic  fracture  mechanics)  is  inapplicable  " But 
there  is  also  (even  more)  localized  plasticity  in  purely  mechanical  fractures  under 
circumstances  in  which  fracture  mechanics  has  been  demonstrated  as  valid  and 
useful  by  demonstrating  predictive  capabilities  from  one  geometry  to  another. 
This  observation  is  not  surprising  if  one  realizes  that  th e plastic  behavior  in  SCC 
is  related  to  the  elastic  stress  Field  which  causes  the  plastic  processes,  even  if  we 
are  at  present  unable  to  define  precisely  and  in  detail  that  relationship.  Of  course 
if  there  are  important  time-dependent  plastic  processes  (e.g.,  creep),  then  the 
character  of  the  plastic  region  will  not  be  uniquely  relatable  to  the  elastic  stress 
field.  This  point  is  one  reason  that,  with  some  metals  such  as  titanium  alloys,  the 
sequence  of  stressing  a precracked  specimen  and  introducing  a reactive 
environment  can  make  important  differences  in  the  measured  value  oi  K\scc. 
The  third  current  but  incorrect  statement  relating  to  fracture  mechanics  might 
be  worded.  “Corrosion  reduced  the  fracture  toughness."  The  confusion  stems 
from  the  use  of  K units  to  quantify  resistance  to  plane  strain  fraciure  (K \c  ) and 
resistance  to  SCC  (A|Sf<  ).  wherein  K]S(t-  is  always  less  than  A|r.  No  one  has 
demonstrated  any  effect  of  chemical  environment  on  A'|t-.  Rather  than  lowering 
A'|,.,  corrosion  simply  promotes  a different  fracture  process  (SCC)  at  a lower  A 
level.  From  such  reasoning  it  becomes  dear  that  phrases  such  as  “seawater 
embrittlement”  and  "salt  water  fracture  toughness  arc  confused  expressions 
more  properly  phrased  as  SCC. 


1.6  Environments 

Much  emphasis  has  been  placed  in  the  literature  on  the  specificity  of  the 
chemical  species  which  will  cause  SCC  in  a given  alloy.  This  assertion  of 
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specificity  is  noi  supported  by  the  facts.  Each  of  the  three  alloy  families  treated 
in  this  monograph  has  experienced  SCC  in  more  than  one  environment.  Most  of 
the  data  reported  herein  came  from  tests  in  either  salt  water  or  tap  water.  Both 
of  these  environments  contain  both  hydrogen  and  chlorine,  and  indeed  these 
two  elements  are  so  ubiquitous  (inside  the  metal,  even)  that  one  could  make  a 
case  for  a causative  role  of  whichever  element  he  chose.  Regardless  of  the 
fundamentals  involved,  moisture  and  salt  water  are  so  ubiquitous  that  SCC 
characteristics  of  alloys  in  these  environments  are  of  interest  for  the  purposes  of 
this  monograph  in  addition  to  any  special  environment  a given  structure  may 
experience. 

It  must  be  emphasized  that  a parameter  like  or  Ka  refers  to  a specific 
material  in  a specific  condition  of  heat  treatment  and  sometimes  in  a specific 
orientation,  in  a specific  environment.  Unfortunately  a given  environment  may 
be  altered  by  hydrolytic  action  within  a crevice  or  other  occluded  area,  and  this 
alteration  in  local  corrodent  chemistry  may  produce  radical  changes  in  SCC 
characteristics.  This  is  particularly  true  of  stainless  steels,  in  the  crevices  of 
which  seawater  having  a bulk  pH  of  8.2  may  be  converted  by  hydrolytic 
acidification  to  a solution  of  pH  less  than  2 |8] . 

The  crack  provides  the  worst  case  for  SCC  from  the  standpoint  of  mechanics. 
There  does  not  appear  to  be  a universal  worst  case  from  the  standpoint  of  the 
environment.  Salt  water  acidified  by  acetic  acid  and  saturated  with  H2S  might 
be  a worst-case  environment  for  high  strength  steel,  but  it  has  not  assumed  the 
role  in  SCC  studies  of  high  strength  steels  that  boiling  MgCl2  has  for  the 
austenitic  stainless  steels. 

The  theory  of  SCC  is  in  such  a primitive  state  of  development  that  we  do  not 
have  a predictive  capability  with  respect  to  what  SCC  response  a new 
environment  will  promote  for  a given  alloy,  and  therefore  we  must  resort  to 
experimental  characterization  for  each  new  environment.  In  fact,  the  K|ICC- 
values  for  a titanium  alloy  used  to  fabricate  fuel  cell  tankages  were  used  to 
accept  or  reject  batches  of  the  fluids  used  in  the  tankages. 

1.7  Mechanisms 

In  the  early  !920’s  the  postulate  of  an  amorphous  cement  holding  the  grain 
boundaries  of  polycrystalline  aggregates  dominated  physical  metallurgy  in  Great 
Britain,  and  since  SCC  in  both  brass  and  mild  steels  is  largely  intergranular,  it  is 
not  surprising  that  this  “cement”  (long  since  discredited)  figured  prominently  in 
many  explanations  which  were  adduced  for  SCC  during  that  era.  A multitude  of 
theories,  models,  and  partial  models  has  been  proposed  in  succeeding  years.  The 
detailed  mechanisms  which  have  been  put  forward  for  various  metal/corrodent 
systems  can  be  grouped  into  the  following  categories: 

I.  Mechano-electrochemical.  It  has  been  proposed  that  there  were  paths 
intrinsically  susceptible  to  anodic  electrochem'cal  dissolution,  and  the  role  of 
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• the  stress  was  considered  to  be  to  open  the  cracks  enough  to  prevent  stifling  the 

reaction  by  corrosion  products  [9] . Whatever  the  role  of  mechanical  stress  may 
be.  that  role  is  not  the  effect  of  elastic  stresses  on  the  reversible  electrode 
potential,  which  changes  only  about  10' 3 mV  from  zero  stress  to  the  yield 
strength  stress  levels.  A passive  surface  on  stainless  steel  in  boiling  429  Mgf'l? 
may  be  as  much  as  500  mV  more  electropositive  than  the  bare  alloy,  and  one 
can  imagine  bare  steel  being  exposed  by  the  yielding  at  a crack  root  under  stress 
and  the  cracking  of  the  oxide  coating.  If  the  bare  metal  is  dissolved 
electroly tically . one  can  estimate  the  magnitude  of  the  current  required  to 
account  for  the  observed  crack  growth  rates.  The  current  density  is  estimated  to 
be  about  one  ampere  per  square  centimeter,  which  would  be  expected  to  stifle 
the  reaction  by  polarizing  the  anodic  area.  It  has  been  shown,  however,  that 
under  conditions  of  continuous  yielding  the  polarization  may  be  very  small, 
perhaps  due  to  the  increase  in  number  of  active  sites  caused  by  the  egress  of 
dislocations  1 10| . 

2.  Film  Rupture.  In  the  film  rupture  model,  a brittle  corrosion-product  film 
is  envisioned  to  form,  which,  when  it  becomes  sufficiently  thick,  fractures  to 
expose  bare  metal;  the  bare  metal  reacts  to  re-form  the  brittle  film,  and  the  cycle 
repeats.  Such  models  have  been  based  largely  upon  striation  markings  observed 
with  the  electron  microscope.  Evidence  of  this  sort  is  possibly  explained  by 
other  models,  such  as  for  example  the  rupture  of  a thick  film  well  behind  the 
advancing  crack  front  but  still  in  a location  where  there  is  a significant  bending 
moment  on  the  crack  surface. 

3.  Embrittlement.  A periodic  electrochemical-mechanical  cycle  has  been 
postulated  in  which  the  electrochemical  corrosion  process  was  pictured  as 
embrittling  the  metal  directly  behind  the  corroding  metal  surface  by  an 
unspecified  species  (II].  The  embrittled  layer  would  ultimately  fracture 
mechanically,  exposing  a fresh  metal  surface.  A modified  version  of  this  model  is 
not  an  unreasonable  one  for  high  strength  steels  in  aqueous  environments.  It 
known  from  measurements  of  local  pH  (pH  near  the  crack  tip)  and  potenti.. 
that  the  thermodynamic  conditions  for  hydrogen  discharge  are  met  if  a stress 
corrosion  crack  is  propagating  in  high  strength  steels.  It  is  also  known  that  these 
steels  exhibit  slow  crack  growth  under  stress  if  they  contain  hydrogen  from  any 
source.  Thus  it  is  not  unreasonable  to  postulate  that  in  these  steels  SCC  occurs 
by  corrosion-generated  hydrogen  cracking. 

4.  Adsorption.  The  adsorption  model  pictures  the  reduction  of  the  energy 
required  to  form  a new  surface  by  reducing  the  surface  energy  through  the 
adsorption  of  specific  species  ( 12] . 

The  interested  reader  may  find  these  models  discussed  in  various  degrees  of 
detail  elsewhere  (13-19],  From  time  to  time  someone  feels  the  urge  to  find  a 
general,  or  universal,  model  for  SCC  in  ail  systems.  At  a symposium  in  1921,  the 
proposal  that  there  should  be  such  a general  model  evoked  the  following 
response:  “I  agree  with  . . . that  a genera)  explanation  of  season  cracking  and 
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intercrystalline  cracking  in  all  metallic  materials  is  desirable,  but  is  it  not  possible 
that  such  a universal  explanation  is  not  to  be  found?"  [20j.  Currently  there  is 
growing  doubt  that  a single  detailed  mechanism  will  ever  be  found  to  account 
for  all  manifestations  of  the  phenomenon  of  SCC,  though  something  like 
“activation  by  plastic  straining  at  the  advancing  crack  tip”  covers  the  essence  of 
most  of  the  proposed  detailed  mechanisms. 

The  engineer  new  to  the  subject  may  reasonably  expostulate  that,  “All  I want 
is  enough  theory  to  predict  which  combinations  of  alloys  and  environments  will 
cause  trouble.”  Alas,  he  will  not  find  that  amount  of  theory  in  this  monograph 
Or  elsewhere,  for  that  matter,  for  it  simply  docs  not  exist.  At  the  present  time 
all  guidance  for  avoiding  SCC  in  practical  structures  is  based  either  on  past 
experience  with  structures  of  the  same  metal  in  the  same  environment  or  on 
macroscopic  tests.  Hence  the  emphasis  on  valid  test  methods.  This  emphasis  is 
especially  important  at  this  time  because  a fundamentally  new  philosophy  of 
testing  has  emerged  in  recent  years,  concentrating  upon  the  stress  conditions  for 
stress  corrosion  crack  growth  (and,  importantly,  nongrowth)  from  a preexisting 
crack. 

The  status  of  the  theory  of  SCC  is  actually  not  far  behind  that  of  the  theory 
of  corrosion  in  general.  It  is  becoming  increasingly  easy  to  explain  observations 
even  if  only  in  a general  way,  but  it  is  still  difficult  to  predict  behavior  in 
systems  which  differ  appreciably  from  those  of  past  experience.  Sometimes  it  is 
even  difficult  to  predict  behavior  in  systems  differing  only  slightly  from  those  of 
past  experience.  Who,  for  example,  would  have  predicted  that  1%  HF  added  to 
fuming  nitric  acid  would  inhibit  the  SCC  of  martensitic  stainless  steel  in  that 
environment?  But  it  did! 

SCC  is  controlled  by  the  metallurgy  of  the  solid  body,  the  chemistry  of  the 
pertinent  environment,  and  the  stress  field;  in  other  words,  by  effects  of 
metallurgy,  chemistry,  and  mechanics.  Whethei  one  is  concerned  with  basic 
mechanisms  or  engineering  applications,  work  with  SCC  requires  due  attention 
to  all  three  factois. 


1 .8  SCC  Characterization  of  Alloys 

Much  of  the  materia!  presented  in  Chapters  3 through  5 describes  the  SCC 
characteristic;  of  various  alloys.  This  is  not  handbook  material,  but  rather  is 
information  presented  to  display  how  good  and  how  poor  the  SCC  character- 
istics of  various  alloys,  largely  commercial  ones,  can  be.  For  critical  applications 
tor  a long  time  to  come  it  wiil  be  prudent  to  conduct  tests  on  individual  lots  of 
alloys,  except  for  the  few  cases  in  which  adequate  standardization  of 
v imposition  and  heat  treatment  has  been  achieved,  such  as  in  the  more  common 
aluminum  alloys.  Because  of  this  apparent  lengthy  future  need  for  continued 
test  :i -o  Chapter  2 is  a detailed  account  of  various  specimen  types  and  testing 
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procedures  using  prccracked  specimens.  The  methodology  of  SCC  testing  using 
smooth  specimens  is  widely  understood  and  needs  no  repetition  here.  Although 
the  justification  for  smooth-specimen  testing  has  already  been  cited,  little 
smooth-specimen  work  is  quoted  in  Chapters  3 through  5 because  the  reported 
parameter  is  almost  always  undifferentiated  time  to  failure,  the  deficiencies  of 
which  have  already  been  pointed  out. 
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2.  STRESS  CORROSION  TESTING  WITH 
PRECRACKED  SPECIMENS 


2.1  Introduction 

Prccracking  an  otherwise  smooth  specimen  in  preparation  for  stress  corrosion 
testing 

• Eliminates  the  uncertainties  associated  with  growth  of  a corrosion  pit. 

• Provides  a flaw  geometry  for  which  a stress  analysis  is  available  through 
fracture  mechanics. 

• Produces  stress  corrosion  data  that  are  potentially  more  useful  for  predict- 
ing the  behavior  of  large  structural  components  for  which  fracture  is  a critical 
design  factor. 

Expressing  stress  corrosion  characteristics  in  terms  of  fracture  mechanics  provides 
a relationship  between  applied  stress,  crack  length,  and  crack  growth  in  aggressive 
environments.  Expressing  stress  corrosion  crack  velocity  in  terms  01  fracture 
mechanics  will  aid  in  developing  the  inspection  intervals  necessary  to  avoid  the 
catastrophic  failure  of  components. 

The  significance  of  such  data  has  not  been  fully  established  with  respect  to 
structural  design,  since  it  is  often  difficult  to  analyze  accurately  the  size  and 
distribution  of  stresses  in  components  of  complex  geometry.  However,  this 
method  offers  a significant  adjunct  to  alternative  test  methods  employing  smooth 
specimens.  Used  together,  they  help  to  overcome  deficiencies  in  either  method 
and  prevent  errors  in  the  assessment  of  alloy/corrodent  compatibility. 

Several  reviews  of  methods  for  measuring  susceptibility  to  SCC  with  smooth 
specimens  are  available  (1,2).  in  addition,  a number  of  task  groups  under  ASTM 
Subcommittee  G01.06  are  now  preparing  recommended  practices  for  use  with 
the  more  widely  employed  smooth  stress  corrosion  test  specimens  (3] . 

Specimens  suitable  for  studying  the  fracture  mechanics  of  SCC  were  developed 
originally  to  evaluate  the  resistance  of  high  strength  metallic  materials  to  unstable 
opening  mode  crack  extension.  Surveys  of  the  analytical  and  experimental  bases 
for  determining  the  plane-strain  fracture  toughness  of  metallic  materials  have 
beer,  presented  [4,5] , and  a recommended  practice  for  fracture-toughness  testing 
has  been  formulated  [6] . The  present  review  is  concerned  with  specimens  for 
use  with  lest  methods  that  characterize  stable  (subcritical)  crack  extension  in 
aggressive  environments  rather  than  unstable  (critical)  clacking.  Since  practices 
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are  based  essentially  on  conducting  a fracture  test  in  the  presence  of  a corrodent, 
the  form  of  this  review  follows  closely  that  of  the  texts  on  fracture.  Two  recent 
reports  [7,8]  on  the  application  of  fracture  mechanics  to  stress  corrosion  testing 
have  also  contributed. 

This  chapter  describes  in  detail  the  configurations  and  ealibratio'''  of  pre- 
cracked specimens  that  are  suitable  for  use  in  stress  corrosion  testing.  Limited 
but  adequate  development  is  given  the  derivation  of  Ai,  the  stress  intensity  facto, 
for  opening  mode.  Wherever  possible,  equations  for  K\  are  presented  in  the  form 
A'|  = og  \faY , where  og  is  the  applied  gross  stress, a is  the  crack  length,  and  Y is  a 
polynomial  factor  that  accounts  for  specimen  design.  In  many  instances,  several 
equations  for  A|  are  included  with  the  individual  specimen  configurations; 
however,  only  one  form  is  generally  recommended.  To  aid  in  visualizing  the 
change  in  A'|  with  respect  to  a or  a function  of  a,  these  relationships  are  presented 
graphically  in  many  cases.  Specimen  preparation  and  testing,  presentation  of 
data,  and  general  information  about  precautions  and  suggestions  from  investiga- 
tors in  the  field  of  testing  are  discussed. 


2.2  Glossary  of  Terms 


a 

dajdt 


a0 

B 

Bn 

C 

Ci  AAA 
c 
CQ 
D 
d 
Bo 

d\ 

<*2 


crack  length,  in. 

crack  velocity,  in./hr. 

starting  crack  length,  in. 

specimen  or  plate  thickness,  in. 

specimen  thickness  measured  between  face  grooves,  in. 

compliance,  in./lb. 

polynomial  constants 

half-length  of  a surface  flaw,  in. 

beginning  half-length  of  a surface  flaw,  in. 

major  diameter  of  a circumferentially  notched  specimen,  in. 

minor  diameter  of  a circumferentially  notched  specimen,  in. 

height  of  the  crackline-loaded,  single-edge-cracked  plate 

specimen  before  deflection,  in. 

average  height  of  the  specimen  after  deflection  or  mechanical 
pop-in,  in. 

average  height  of  the  specimen  at  the  end  of  the  test  period 
and  after  removal  of  the  bolts,  in. 

imaginary  dimension  of  the  tapered,  crackline-loaded,  single- 
edge-cracked specimen,  in. 
tensile  modulus  of  elasticity,  psi 
Airy  stress  function 

mathematical  function  of  a/W 
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Ha  or  Hp 


K 

*1 

*1/ 

Klc 

Ko 

Klscc 

M 

m 

Me 

MP 

n 

P 

Q 

m 

r 

S 

s 

u 

V 

W 

x,y,z 

y 


8 

e 


mathematical  function  of  d/D 

mathematical  function  of  B/H 

strain-energy  release  rate,  general,  in.-lb/in  * 
strain-energy  release  rate,  opening  mode,  in.-lb/in.2 
shear  modulus,  psi 

mathematical  function  of  (a/W) 

specimen  height,  in. 

mathematical  function  of  B/H 

moment  distance  of  a torsion-loaded  specimen,  in. 

height  of  a tapered,  era dcltn  .'-loaded,  single-edge-cracked 

specimen  measured  at  the  load  line,  in. 

stress  intensity  factor,  general,  ksi  \ZitT. 

stress  intensity  factor,  opening  mode,  ksi  s/in. 

initially  applied  stress  intensity  factor,  ksi  s/in. 

plane-strain  fracture  toughness,  ksi  s/in. 

elastic  stress-concentration  factor 

stress  corrosion  cracking  threshold  stress  intensity  factor, 
ksi  s/in. 

bending  moment,  in.-Ib 

spring  constant 

free  surface  correction  factor 

plasticity  correction  factor 

general  exponent 

load,  lb 

function  of  the  elliptical  integral 

strain-hardening  coefficient 

radial  coordinate  measured  from  the  crack  tip,  in. 

major  span  of  a bend  load  fixture,  in. 

minor  span  of  a bend  load  fixture,  in. 

x-direction  crack-opening  displacement,  in. 

T'-directioti  crack-opening  displacement,  in. 
width, in. 

Cartesian  coordinate  axes 
normal  deflection  of  a torsion-loaded  specimen,  in. 
distance  (a  + r)  along  the  crack  plane,  in.;  complex  variable 
x * iy 

deflection,  in. 

angular  coordinate  at  the  crack  tip,  radians 
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A a ship.;  . .(efficient  derived  for  the  tapered,  crackline-loaded, 
si  V f-dge-cracked  specimen 
p Pi  issoii'x  ratio 

p out  radios  of  an  ellipse,  in. 
op  r’-'vi'miii’  uniaxial  tensile  stress,  ksi 

°max  maximum  local  stress,  ksi 

oa  applied -.tress,  ksi 

Of,  gross  section  stress,  ksi 

o„  net  seeti.  n stress,  ksi 

oy  v-direc t.  it  s- icss,  ksi 

j yield  strength,  ksi 

O elliptical  integral 


2.3  Review  of  Fracture  Mechanics 

Intensification  of  the  stress  field  near  the  tin  of  a crack  in  a linear  elastic 
medium  can  be  characterized  by  the  single  parameter  AT.  If  the  displacement  of 
the  crack  surfaces  is  that  of  the  opening  mode  (as  opposed  to  the  sliding  mode) 
the  subscript  I is  included  in  the  stress  intensity  factor.  Two  methods  are  avail- 
able for  determining  the  opening  mode  si ress  intensity  factor  Kf  , one  method  is 
based  on  stress  analysis,  and  the  other  is  based  on  the  determination  of  specimen 
compliance. 


Derivation  of  K\  by  Stress  Analysis 

Stress  Analysis  of  a Notch.  If  a crack  is  idealized  as  an  infinitely  sharp  notch, 
A'l  is  given  h\ 


K\  - lint  — v'trp  < 1 1 

p- o 2 

where  0max  is  the  maximum  local  norma!  stress  and  p is  the  root  radius  of  the 
notch  (d) . If  the  notch  is  contained  in  a panel  of  infinite  dimensions,  the  expres- 
sion for  <7 rn sex  i*  contained  in  the  elastic  stress-concentration  factor  Ka  as 


Ka  = 


(2) 


where  o,  is  applied  stress.  In  the  particular  case  of  an  elliptical  flaw  in  which  the 
length  oi  the  major  axis  is  2a, 

Ka  = 1 + 2 ■ 


(3) 
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By  combining  Eqs.  ( I ),  (2),  and  (2),  it  can  be  shown  that 


K)  = o„  \/rra 


(4) 


in  ihe  limit  as  p approaches  zero. 

A review  of  elastic  stress-concentration  factors  for  a number  of  notch  problems 
is  contained  in  Ref.  9. 

Stress  Analysis  of  a Crack.  Expressions  that  distribute  the  norma!  stress  oy  in 
the  region  of  the  crack  tip  can  be  subjected  to  a limiting  process  similar  to  thal 
performed  in  the  notch  analysis  to  provide  a solution  for  K\  These  expressions 
are  found  using  elastic  theory  and  an  appropriate  stress  function  F that  must 
satisfy  equilibrium  equations  as  well  as  the  boundary  conditions  of  the  problem. 
Then  ay  is  given  by  the  second  partial  derivative  of  F with  respect  to  x.  This 
approach  was  used  to  provide  the  analysis  of  a cracked  infinite  panel  [10]  analo- 
gous to  that  of  the  notched  panel  described  above.  The  normal  stress  obtained  was 


°y  = 


(5) 


where  a is  the  half  crack  length,  z is  the  complex  variable  x + iy,  and  also  equals 
( a + r)  along  the  crack  plane.  (See  Fig.  I .)  Wheny  = 0,  Eq.  (5)  can  be  written 


» = °(fl  *r) 
y V(fl  + r)2  - a 2 


(6) 


Equation  (5)  and  a number  of  other  stress  solutions  for  crack  problems  were 
examined  [11],  and  it  was  c.duced  that  K\  was  contained  in  the  limiting  case  as 
r approached  zero,  so  that 


K|  = lim  oyV2nr  . (7) 

r-0 

Combining  Eqs.  (6)  and  (7)  shows  that  for  the  cracked  panel  in  question, 

= oa\fna  . (81 

Stress  Analysis  from  Finite  Elements.  The  solutions  for  K\  for  notches  and 
cracks  are  exact  in  the  limit  as  r or  p approaches  zero.  However,  when  structural 
shapes  are  more  complicated,  it  is  often  not  possible  to  obtain  an  exact  solution, 
in  which  case  a numerical  technique  thal  yields  an  approximate  solution  is  avail- 
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lig.  1.  Crack  loaded  normally  and  contained  in  an  infinite  body. 


able  [12).  This  technique  makes  use  of  finite-element  analysis  to  obtain  an  esti- 
mate of  the  x-  and  y-direction  displacement  components  u and  v,  respectively,  in 
the  vicinity  of  the  crack  tip.  Expressions  for  plane  strain  u and  v in  terms  of  K\ 
and  r have  been  derived  (11)  as 


where  G is  the  shear  modulus  and  n is  Poisson’s  ratio.  By  substituting  in  Eqs.  (9) 
and  (10)  those  values  of  u and  v obtained  by  finite-element  analysis  at  the  point 
where  r a/5  and  0 = it,  the  solution  for  K\  is  found  algebraically  [12) . 


Derivation  of  K\  by  Specimen  Compliance 

In  the  determination  of  by  the  compliance  technique,  use  is  made  of  the 
fact  that  the  energy  released  from  a growing  crack  is  directly  reflected  in  an 
increase  of  overall  specimen  compliance.  A strain-energy  release  parameter  $ 
has  been  derived  in  terms  of  compliance  and  related  to  A|  [II).  The  resulting 
solution  for  K\  in  terms  of  compliance  is  given  by 
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KX=P 


E_ 

2 B 


(ID 


where  P is  the  applied  load,  E is  Young’s  modulus,  B is  thickness,  and  C is 
compliance  (usually  expressed  as  some  function  of  the  crack  length  a).  In  the 
original  work  (I  1],  the  relationship  between  K\  and  $1  contained  a modifying 
factor  (1/(1  — /a )2  ] 1/2  that  most  investigators  now  delete  from  consideration 
since  it  amounts  to  less  than  5%  for  structural  materials  (5) . Compliance  is  de- 
fined as  the  reciprocal  of  the  spring  constant  m,  which  is  the  slope  of  a load  P 
vs  deflection  5 curve.  The  spring  constant  is  depei  _nt  upon  Young’s  modulus  E 
and  geometry.  Compliance  may  be  measured  experimentally  or  derived  from 
theoretical  considerations. 

Experimental  Determination  of  Compliance.  Compliance  is  determined  exper- 
imentally by  finding  the  elastic  load-point  displacement  caused  by  a unit  of  load 
in  a specimen  containing  a slot  (representing  a crack),  the  length  of  which  has 
been  accurately  measured.  The  slot  is  lengthened  in  some  manner,  for  example 
by  sawing,  and  a new  compliance  is  obtained.  This  procedure  is  repeated  for  a 
sufficient  number  of  crack  length  values  to  cover  adequately  and  reliably  the 
range  of  interest.  In  Fig.  2a,  a number  of  P- 5 curves  for  different  values  of  a are 
shown.  The  compliance  6 /P  for  each  of  these  is  replotted  as  a function  of  a in 
Fig.  2b.  This  relationship  can  also  be  presented  in  dimensionless  form,  as  in 
Fig.  2c,  by  incorporating  the  additional  terms  E and  B in  the  compliance  and 
defining  crack  length  in  terms  of  a///  or  a/IV  where//  is  one-half  the  height  and 
W is  the  width  of  the  specimen.  It  is  convenient  to  find  the  equation  of  the 
compliance  curve  by  fitting  the  data  to  a general  polynomial;  for  example, 

<l2> 


The  values  of  the  constants  are  found  by  solving  the  appropriate  number  of  simul- 
taneous equations.  When  Eq.  (12)  is  differentiated  with  respect  to  alW,  the 
derivative  can  be  substituted  for  the  term  dC/da  in  Eq.  (1 1)  to  yield 


J 
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Variations  of  this  equation  may  be  given  as 


and 


B 


K - P 

A|  - £ 


2/y 


(14) 


(15) 


Theoretical  Derivation  of  Compliance.  Expressions  for  compliance  as  a func- 
tion of  crack  length  have  been  derived  from  strength  of  materials  theory  How- 
ever, because  of  the  assumption  involved,  predicted  deflections  due  to  load  do 
not  agree  very  well  with  those  actually  measured.  In  this  case,  the  theoretical 
expression  can  be  corrected  empirically  by  comparing  it  with  experimental  data. 
For  example,  correction  has  been  applied  to  the  theoretical  compliance  of  a 
(H'-a)-indifferent,  single-edge-cracked  specimen  [13]  to  provide  Eq.  (lb),  which 
is  similar  in  form  to  the  general  experimental  derivation  shown  in  Eq.  (12).  In 
this  configuration,  the  crack  opening  displacement  v is  identical  to  the  total 
deflection  6 obtained  from  applied  cantilever  loads  on  two  beams; 


(16) 


The  K\  Calibration 


It  is  important  to  note  that  although  A'|  solutions  appear  in  many  forms  and 
degrees  of  complexity,  it  is  often  possible  to  calibrate  the  expression  in  terms  of 
the  crack  length.  Calibrations  for  K\  are  presented  in  dimensionless  form  so  that 
the  single  expression  derived  for  a particular  test  system  (defined  in  terms  of 
crack  location  and  loading  method)  can  be  used  to  obtain  K\  values  from  speci- 
mens of  different  dimensions  and  elastic  constants.  As  ar  example,  the  tangent 
expression  [11]  provides  a Aj  solution  for  the  center-cracked  panel  oi  finite 
width  loaded  remotely  from  the  crackline  as 


W , it  a 
™ ,Jn  W 


1/2 


(17) 
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This  expression  can  be  adjusted  so  that  A'|  is  calibrated  in  dimensionless  form  to 
a/W  by  the  function 


K\BW 

~P^a 


(18) 


Wien  K\BWj?  \fa~ is  plotted  as  a function  of  a/W,  the  curve  so  obtained  can  be  re- 
expressed as  an  nth-order  polynomial  for  which  an  equation  can  be  derived  in  the 
form  of 


K\BW 

P^Ja 


+ ... . 


(19) 


Usually  an  accurately  obtained  graph  of  Eq.  (19)  or  equivalent  table  of  values 
provides  a convenient  means  of  reducing  data  in  which  the  process  of  solving  the 
trigonometric  function  is  avoided. 

In  general,  the  form  of  Kq.  (19)  has  been  used  throughout  this  review  in 
calibrating  K\  to  a function  of  crack  length.  Where  more  than  one  calibration 
exists  for  a specimen,  they  are  presented  graphically  for  comparison. 

Critical  Stress  Intensity  Factors 

The  stress  intensity  factor  for  opening  mode  A'i  is  proportional  to  the  product 
of  the  applied  stress  and  the  square  root  >f  the  crack  length  Considerable  test 
experience  indicates  that  there  may  exist  a value  of  Aj  below  which  cracks  are 
not  observed  to  propagate  in  a particular  material  in  a specific  chemical  and 
electrochemical  environment.  This  value  has  been  designated  A'|ICC  [14],  In 
other  words,  A[JCC  is  the  level  above  which  SCC  has  been  observed  and  below 
which  SCC  has  not  been  observed  in  a given  material  in  a specified  chemical  and 
electrochemical  environment. 

Stress  corrosion  crack  growth  can  be  monitored  with  suitable  instrumentation 
and  expressed  as  a function  of  the  stress-intensity  factor.  The  kinetics  of  crack 
growth  have  been  employed  extensively  to  characterize  stress  corrosion  behavior. 


2.4  Specimen  Geometries 

Precracked  specimens  are  classified  with  respect  to  the  relationship  between 
the  stress  intensity  factor  Ai  and  crack  extension  (Fig.  3).  Depending  on  the 
method  of  stressing  and/or  the  geometry  of  the  test  piece,  the  stress  intensity 
factor  can  be  made  to  increase,  decrease,  or  remain  constant  as  the  crack  length 
increases.  In  the  first  category  of  precracked  specimen  configurations,  where  A| 
increases  with  crack  extension,  specimens  are  most  commonly  stressed  under  con- 
stant load  conditions  in  tension  or  bending.  In  addition,  a distinction  is  made 
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Fig.  3.  Classification  of  prccracked  specimens  for  stress  corrosion  testing. 
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between  those  specimens  loaded  close  to  the  precrack  (crackline  loaded)  and 
at  a distance  from  the  precrack  (remote  loaded).  Single-edge-cracked  plate 
specimens  arc  classified  1 1 5]  according  to  the  proximity  of  the  boundary  normal 
to  the  direction  of  the  crack  plane,  the  crack-tip  stress  field  being  either  affected 
(W'-a  dominated)  or  unaffected  (W-a  indifferent)  by  this  boundary. 

In  the  second  category  of  precracked  specimen  configurations,  where  A'i  de- 
creases with  crack  extension,  specimens  can  be  stressed  under  conditions  of 
constant  deflection  or  constant  load.  Crackline-loaded,  single-edge-cracked  plate 
specimens  are  maintained  at  constant  crack-opening  displacement  v (measured 
along  the  line  of  load  application)  by  a bolt,  wedge,  or  other  device.  The  overall 
result  of  this  procedure  is  to  cause  the  load  to  diminish  and,  consequently,  the 
A'i  to  decrease  as  the  crack  extends  under  the  influence  of  an  aggressive  environ- 
ment. The  constant-load,  crackline-tension,  center-cracked  plate  has  been 
commonly  referred  to  as  the  wedge-force  specimen. 

In  the  third  category  of  precracked  specimens,  a linear  relationship  between 
specimen  compliance  and  crack  length  is  obtaine  to  produce  constant  A|  with 
crack  extension.  The  overall  classification  provides  a useful  framework  for 
describing  in  more  detail  the  use  of  a particular  specimen  or  family  of  specimens 
during  stress  corrosion  testing. 

Crack  line- Loaded,  Single-Edge-Cracked  Plate  Specimens 

• 

Crackline-loaded,  single-edge-cracked  specimens  can  be  used  in  either  increasing 
or  decreasing  A'i  tests  performed  on  plate  materials.  However,  the  decreasing 
A'i  technique  as  applied  to  this  configuration  i'  probably  more  attractive  for  use 
in  stress  corrosion  testing  than  any  other  specimen  because  a fixed  crack-opening 
displacement  can  be  achieved  by  a simple  loading  arrangement. 

Typical  crackline-loaded  specimens  (also  known  as  double  cantilever  beam, 
compact  tension,  or  wedge-opening  load  specimens)  are  shown  in  Figs.  4 and  5, 
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Fig.  4.  Configuration  and  calibration  of  the  (tF-ei-indifferent,  crackline-loau.  ’ 
(ingle-edgc-cractced  plate  upectmtn. 
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•AN 

l ig.  5.  Comparison  of  K | calibrations  represented  by  Eqs  (24)  and  (25)  for 
(O' -a (-indifferent,  crackline-ioadcd,  single-edge-cracked  plate  specimens. 

whetc  dimensions  are  stated  in  ratios  of  H to  W and  solutions  for  are  presented 
as  calibrations  in  a/W  ora///.  The  specimens  are  differentiated  by  the  manner  in 
which  the  boundary  normal  to  the  crack  plane  affects  the  crack-tip  stress  field. 
T’v  distance  of  this  boundary  from  the  crack  tip  is  given  by  the  difference 
in  ,ii,  and  if  this  dimension  is  small  compared  with  a,  the  configuration  is 
..-.cd  (W-a)  dominated.  If  (Vf-a)  *s  very  large  compared  with  a,  the  configura- 
tioi.  is  termed  (k'-a)  indifferent.  This  nomenclature  was  originated  in  Ref.  !S 
where  (W-a)  indifference  was  shown  to  obtain  whenever  the  ratio  W/H  was  not 
Ick  than  an  amount  equal  loa/H  + 2. 
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In  these  specimens  all  dimensions  are  measured  either  from  the  crackline  or 
from  the  line  of  load  application.  Loads  are  assumed  to  be  applied  such  that 
torsional  deflection  of  the  arms  does  not  occur. 

Configuration  and  K\  Calibration  of  the  ( IF  a)-lndifferent  Specimen.  The 
configuration  of  the  (!+'— cr) -indifferent  specimen  is  considered  solely  in  terms  of 
the  variable  //.since  the  width  W by  definition  docs  not  enter  into  the  analysis  of 
the  K\  calibration.  Thus,  a single  solution  represents  all  flV-a)-indifferent  con- 
figurations, a factor  which  is  extremely  desirable  to  the  testing  specialist. 

Calibrations  for  A't  have  been  derived  by  both  .tress  analysis  and  compliance. 
The  stress  analysis  approach  was  used  to  obtain  the  linear  relationship  shown 
in  Eq.  (20)  (Ref.  15),  while  Eq.  (21)  was  obtained  by  empirically  correcting 
an  expression  for  compliance  derived  from  beam  theory  [13] ; 


K\BH *l2 
Pa  _ 


3.46  + 2.38  - 
a 


KyBHlI* 

Pa 


= 2 


3 + 3.6 


+ 


(20) 


(21) 


To  obtain  the  calibration  for  fixed  crack-opening  displacement  i\  the  load  P 
in  Lqs.  (20)  and  (21)  is  replaced  by  its  equivalent  v per  unit  of  compliance 
(where  compliance  is  expressed  as  a function  of  crack  length).  Compliance  can 
be  extracted  from  tq.  (20)  by  comparing  it  with  the  basic  compliance  expression, 
Eq.  (11),  adjusted  to  the  same  calibration  form,  Eq.  (22): 


KiBH* 12 
Pa 


(22) 


Combining  Eqs.  (20)  and  (22)  and  solving  the  differential  equation  yields 


EBv 

,648(s)!*  1132 {$) 


(23) 


Suitable  substitution  in  Eq.  (20)  thus  provides  a calibration  in  terms  of  A.'|  \fHjEv. 
which  is  shown  for  the  fixed  crack -opening  displacement  position  in 
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Ev 


3.46  + 2.38 


7.8  (^]  + 16.38  (jjJ  + 11.32 


(24) 


In  Eq.  (21),  the  derivation  of  compliance  is  an  integral  part  of  the  calibration 
procedure  (13|  and  as  such  is  available  to  replace  the  load  P for  the  fixed  crack- 
opening displacement  analysis.  When  this  is  done  the  result  is 


Kis/H 

Ev 


! I1'1 

3(f/ 


[”//*  n 

4 

Iff  + °'6)  + 77. 

(25) 


The  two  decreasing  K\  calibrations,  shown  in  Fig.  6,  are  in  excellent  agreement. 
It  is  important  to  note  that  the  shapes  of  these  calibration  curves  can  be  guides 
t in  preparing  specimens.  If  it  is  required  that  the  test  be  completed  in  the  shortest 

“ possible  time,  the  beginning  crack  length  should  be  short  to  take  advantage  of 

the  fact  that  the  rate  of  decrease  of  K\  with  crack  extension  is  maximum  for 
short  cracks.  On  the  other  hand,  if  test  time  is  not  important  and  maximum 
accuracy  is  desired,  a longer  crack  can  be  chosen  so  that  errors  in  crack  length 
measurement  do  not  cause  appreciable  errors  in  Ky. 

Configuration  and  Calibration  of  the  (W'-fl)-Dominated  Specimen.  Con- 
figurations of  this  type  are  described  in  terms  of  H and  W,  since  both  parallel  and 
normal  boundaries  influence  the  crack-tip  stress  field.  Consequently  there  is  a 
unique  calibration  for  K|  as  a function  of  a/W  for  each  H/W  ratio,  a factor  which 
is  somewhat  undesirable  from  the  standpoint  of  ease  of  data  reduction.  Calibra- 
tions for  HjW  ratios  of  0.1 194, 0.444, 0.486,  and  1.0  have  been  obtained  using  a 
stress  analysis  approach  (16] , and  by  the  same  technique  [S] , calibration  curves 
for  ratios  of  0.4, 0.5, 0.6, 0.8,  and  1.0  were  derived.  In  only  three  configurations 
[16]  have  equations  been  published  for  calibration  curves,  and  these  are  shown 
in  the  following  equations: 

*6?  ■ 609  - S6(«) _ l39J(s)4  l40,(£)!-Tr ■ 0 444  <“> 

7%  - 30,6 ' 1,3  8 (»)♦  7306  (e)’  - 1186  (»/  4 754  6 {wj  ■ 


J = 0.486  (27) 
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Fig.  6.  Configuration  and  K\  calibration  of  the  {W -j dominated, 
crackline-loaded,  single -edge -cracked  plate  specimen. 

■ 39  7 - 2942(s)*  '"*{$-  1842  (s)’4  "’’(s)*1 

^ = 0.5.  (28) 

These  polynomials  represent  calibrat  ; from  data  obtained  in  the  a/W  range 
from  0.25  to  0.65  and  are  accurate  to  about  0.5%  in  this  range.  It  must  be 
emphasized,  however,  that  the  slopes  of  the  cures  increase  very  rapidly  at  the 


i*. 


STRl-SS  CORROSION  TESTING  WITH  PRI  CRACKI  D SPECIMENS 


I 

34 

larger  values  of  a/W,  wtiich  miglit  introduce  large  errors  in  K\BW/P\/a  due  to 
small  errors  in  measuring  a/W.  This  characteristic  of  the  calibration  is  much  less 
severe  in  the  (W-a)-indifferent  specimen,  a factor  which  should  be  considered  in 
the  selection  of  specimens. 

The  (h'-a)-dominated  specimen  can  be  used  in  the  decreasing  A|  mode  by 
fixing  the  crack-opening  displacement  in  the  same  manner  as  described  in  the 
previous  section.  However,  each  H/W  configuration  has  its  unique  compliance- 
vs-crack-length  relationship  that  must  be  determined  experimentally  or  extracted 
from  a A'|  calibration  derived  by  stress  analysis.  The  extraction  process  is 
arduous  because  the  calibrations  are  not  linear  as  are  those  for  the  (W~a)- 
indifferent  configuration.  The  compliance  of  the  H/W  = 0.486  configuration 
was  determined  experimentally  [17J , and  the  resulting  K\  calibration  is  in  good 
agreement  with  Eq.  (27).  It  should  be  noted  that  the  compliance  derived  from 
beam  theory,  Eq.  (16),  applies  only  to  (W'-a)-indifferent  specimens  and  cannot 
be  used  for  (IV-a)-dominant  specimens. 

r - Single-Edge-Cracked  Plate  Specimens  in  Remote  Tension  or  Bending 

This  family  of  specimens  has  probably  been  used  more  than  others  in  stress 
corrosion  testing  because  of  its  popularity  in  fracture-toughness  testing.  It  is 
well  suited  to  obtaining  K\scc  by  the  increasing  K\  multiple  specimen  test,  and 
can  also  be  used  to  obtain  crack  growth  rate  vs  A)  information.  If  these  specimens 
are  thick  enough  to  withstand  buckling  tendencies,  sustained  loads  are  applied  by 
bending;  if  the  specimens  are  very  thin,  sustained  loads  are  applied  by  tension. 

Configuration  and  A|  Calibration  of  the  Tension-Loaded  Specimen.  Figure  7 
shows  the  configuration,  ratios  of  pertinent  dimensions  to  the  width  W,  and  the 
A'[  calibrations  of  the  remote-loaded,  single-edge-cracked  tension  specimen.  The 
calibration  was  initially  obtained  by  the  experimental  compliance  technique 
applied  to  a pin-loaded  specimen  where  the  loads  were  applied  at  distances  about 
1.5IP  from  the  crackline  [18] . The  pin-loaded  condition  approximates  that  of 
uniform  tension  applied  at  a distance  W from  the  crackline  which  was  assumed  in 
a later  stress-analysis  derivation  of  the  calibration  [19],  The  stress-analysis- 
derived  calibration 

- 1.99  - 0.41  (^4  18.70  (j)’  - 38  . 53.85  (j)‘  (29) 


agrees  with  the  compliance-derived  calibration. 
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l ig.  7.  Configuration  and  K j calibration  of  the  remote-loaded, 
singlc-edge-cracked  plate  tension  specimen. 


within  1%  for  values  of  a/W  from  0.2  to  0.4,  but  is  considered  to  be  more  accurate 
for  larger  values  of  a/W  [5  J . 

Configuration  and  X|  Calibration  of  the  Three-Point  Bend  Specimen.  The 

specimen,  together  with  load  and  support  points,  is  shown  in  Fig.  8,  which  also 
contains  four  calibrations  for  K\  obtained  from  expressions  originally  described 
elsewhere  (20,21).  With  regard  to  the  system  described  by  S/W  ratios  of  8, 
Eqs.  (31)  and  (32)  were  obtained  by  stress  analysis  (21 J , whereas  Eq.  (33)  was 
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Fig.  8.  Configuration  and  K\  calibration  of  the  three- point-loaded, 
singlc-edgc-crackcd  plate  bend  specimen. 


derived  by  the  combined  techniques  of  stress  Analysis  and  compliance  [22] . 
Equation  (32)  is  slightly  more  accurate  over  a range  of  ajW  values  to  0.6  ($]  and 
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is  recommended  for  use.  Equation  ' 34)  was  obtained  by  a stress  analysis  per- 
formed on  the  system  represented  by  an  S/fv  ratio  of  4: 


Span-to-width  ratios  of  less  tnu,.  i me  ;;ot  considered  in  this  review  because  they 
introduce  errors  due  to  indentation  and  friction  at  the  support  joints. 

Configuration  and  K\  Calibration  of  the  Four-Point  Bend  Specimen.  These 
specimens  were  originally  thought  to  yield  more  accurate  results  because  they 
closely  approximate  conditions  of  pure  bending.  However,  this  contention  is 
now  considered  to  be  of  no  consequence.  Figure  9 shows  the  configuration,  a 
suggested  arrangement  for  load  and  support  points,  and  calibrations  for  K\. 
Equation  (35)  was  derived  for  pure  bending  in  terms  of  the  function  g(a!W) 
according  to  the  following  table: 


Equations  (36),  (37),  and  (38)  were  obtained  from  expressions  derived  previously 
(20| . Of  these,  Eq.  (37)  is  considered  to  be  the  most  accuiate  over  the  greatest 
range  of  a/W.  These  calibrations  were  actually  derived  from  pure  bending  con- 
siderations, but  are  considered  to  represent  four-point  loading  if  the  ratio  of  the 
minor  span  to  specimen  width  W is  greater  than  2 [5) . 
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Fig.  9.  Configuration  and  K\  calibration  of  the  four-point-loadcd, 
singlc-edgc-cracked  plate  bend  specimen. 
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Configuration  and  K\  Calibration  of  the  Cantilever  Bend  Specimen.  The 

cantilever  bend  configuration  is  the  same  as  that  of  three-  and  four-point  bend 
specimens  and  is  shown  in  its  loading  position  in  Fig.  10.  Equation  (39)  is  Eq.  (33) 
and  has  been  used  rather  extensively  to  analyze  results  obtained  by  cantilever 
loading  (14) , even  though  it  was  originally  derived  by  the  combined  techniques 
of  stress  analysis  and  compliance  for  three-point  bending. 


The  only  calibration  reported  specifically  for  cantilever  bending  was  obtained  by 
compliance  [24J . No  equation  was  derived  for  the  curve  that  may  be  compared 
graphically  with  the  curve  for  Eq.  (39),  Fig.  11.  As  can  be  seen,  there  is  some 
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tig.  1 1.  Configuration  and  A i calibration  of  the 
(W-ai-indiffercnt  tapered  specimen. 

difference  in  the  two,  and  it  is  recommended  that  the  compliance  calibration  be 
used.  In  assembling  the  specimen  for  testing,  a distance  W should  be  allowed  be- 
tween the  edge  of  the  grip  and  the  crackline  to  avoid  end  effects. 

Constant  A|  Specimens 

The  constant  A)  specimen  is  attractive  for  use  by  fundamentalists  investigating 
mechanisms  of  stress  corrosion  cracking.  The  stress  intensity  Aj  is  independent 
of  crack  length  and  can  be  neglected  as  a variable  in  kinetic  studies.  The  total 
cost  of  specimen  preparation  and  instrumentation  prohibits  its  use  during  exten- 
sive stress  corrosion  characterization. 

Configuration  and  Aj  Calibration  of  the  Crack  line- leaded,  Single-Edge- 
Cracked  Specimen  With  Tapered  Sides.  This  specimen,  also  known  as  the  tapered 
double  cantilever  beam  (DCS)  specimen,  is  shown  in  a (W-a) -indifferent  con- 
figuration in  Fig.  11.  The  original  work  performed  with  this  specimen  (13] 
involved  the  experimental  determination  of  the  compliance  as  a function  of 
crack  length  for  a number  of  differently  tapered  configurations.  These  deter- 
minations showed  compliance  to  be  linearly  related  to  crack  length  over  a range 
that  was  governed  by  the  angle  of  taper.  The  derivative  of  EBv/P  with  respect  to 
crack  length  a is  therefore  a constant  in  this  range;  as  a consequence,  K\  is  also 
constant  when  load  P is  maintained  at  a constant  level.  Thus  Eq.  (40)  can  be  re- 
duced to  a form  as  simple  as  Eq.  (41)  where  C|  is  the  value  of  the  right-hand  side 
of  Eq.  (40): 
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A.'|  = Ci  P . (41) 

Calibrations  for  both  ((f-flfindifferent  (where  indifference  for  the  tapered 
specimen  is  undefined  as  of  this  writing)  and  ((C-a)-dominatcd  tapered  con- 
figurations have  been  obtained  and  described  [ 25 ] . The  result  for  the  (IV  a)- 
indifferent  case  is  shown  as  the  linear  expression 

A')  B \fHa  (a  \ 

— ~=AU  + 07j  (42) 

where  the  slope  coefficient  A depends  upon  the  ratio  Hpje  as  shown  in  the  table 
below,  and  where  Hp  is  the  half  height  of  the  specimen  along  the  loadline  and 
Ha  is  the  half  height  at  the  tip  of  t le  crack. 


Hple 

V 

Hple 

A 

0.0 

3.46 

0.3 

2.98 

0.1 

3.26 

0.4 

2.88 

0.2 

3.10 

Equation  (42)  does  not  show  A)  to  be  constant  with  crack  extension  simply 
because  the  ratio  alHa  is  variable  (whereas  the  ratio  (a  + e)IHa  is  constant  over  a 
range  of  crack  length). 

When  the  values  of  Hple  and  either  W/e  or  WIHp  are  known,  Eq.  (42)  can  be 
converted  algebraically  to 


A'/flVr  (a_\ 
P J\w) 


(43) 


which  represents  the  (K'-a)-dominated  configuration  (Fig.  12).  It  is  claimed 
(25]  that  conversion  values  of  K/B  s/W/P  agree  with  those  obtained  directly  by 
stress  analysis  in  the  lower  range  of  a/W.  Equation  (43)  can  be  restated  more 
simply  as 


K‘  (44) 

by  using  Table  1 , which  is  also  useful  for  selecting  taper  configurations  to  suit  a 
particular  problem.  Two  configurations,  represented  by  Hp/e  ra'ios  of  0.53  and 
0.45,  have  been  analyzed  by  the  compliance  technique.  Later  calibrations 
obtained  by  stress  analysis  showed  that  the  agreement  of  results  was  excellent. 
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l ip.  12.  Configuration  and  calibration  of  the 
(W-a  (-dominated  tapered  specimen. 


Therefore,  when  the  compliance  technique  is  used,  it  is  considered  that  the  dis- 
advantage of  obtaining  the  compliance  of  each  configuration  can  be  avoided  by 
appropriate  use  of  Table  1. 

Configuration  and  K\  Calibration  of  the  Torsion  Loaded  Specimen.  This 
specimen  was  first  described  in  a study  of  fracture  in  bulk  glass  [26] . Subse- 
quently, its  use  was  extended  to  the  study  of  stress  corrosion  cracking  in  metals 
[ 27 1 . The  strain-energy  release  rate  (■'>  can  be  expressed  as 


s 


« GB4 


(45) 


where  //,„  is  the  torsional  moment  length  as  indicated  in  Fig.  13  and  G is  the 
shear  modulus.  Lquation  (45)  can  be  separated  into  parts  such  that 


I>21 

1 t*J 
1 1 

[2B\\ 

1 

3: 

8 

The  constant  3/4  llm2 1 G,B 1 //  is  d(ylP)lda  in  the  expression  j 1 1] 


(46) 


y = 


^ — i 

M 

da  J 

(47) 


where  y is  deflection  and  a is  crack  length.  Because  d(y/P)lda  is  constant,  is 
constant  for  constant  load. 
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Table  I 


a/W 

Uple 

W/e 

W!Hp 

0.2 

0.3 

0.4 

0.5 

0.6 

0.7 

KBW'll/P 

0 

0 

1.25 

5.31 

6.86 

9.29 

13.44 

21.52 

1.5 

5.59 

7.10 

9.45 

13.52 

21.54 

") 

5.32 

(■  49 

8.01 

10.20 

13.92 

21.68 

3 

7.65 

9.35 

1 1 .34 

13.53 

16.64 

23.16 

4 

10.20 

13.00 

15.76 

18.57 

22.35 

26.81 

5 

12.90 

16.85 

20.72 

24.49 

28.61 

33.42 

0.1 

3 

30 

63.4 

70.5 

74.0 

75.5 

76.1 

75.5 

4 

40 

79.0 

85.2 

88.0 

87.5 

86.5 

84.5 

5 

50 

92.5 

98 

99 

97 

95 

92 

0.2 

2 

10 

17.65 

20.0 

21.3 

22.2 

23.3 

27.0 

3 

15 

24.5 

26.7 

27.9 

28.1 

28.3 

30.5 

3.2 

16 

27.0 

28.3 

29.0 

29.0 

29.1 

31.0 

4 

20 

30.3 

32.1 

32.8 

32.2 

31.8 

33.0 

5 

25 

35.2 

36.2 

36.0 

35.3 

34.5 

35.0 

0.3 

3 

10 

14.7 

15.7 

16.1 

16.4 

'8.0 

23.5 

3.6 

12 

16.8 

17.5 

17.7 

17.8 

19.0 

24.0 

4.2 

14 

18.6 

19.1 

19.2 

18.94 

19.77 

24.44 

48 

16 

20.1 

20.4 

20.2 

19.85 

20.46 

24.82 

5.4 

18 

21.5 

21.6 

21.1 

20.6 

21.0 

25.14 

6 

20 

22.9 

22.8 

21.9 

21.4 

21.6 

25.4 

0.4 

3 

7.5 

10.2 

11.0 

11.5 

12.5 

15.1 

22.0 

4 

10 

12.4 

12.8 

12.9 

13.6 

15.8 

22  3 

5 

12.5 

14.0 

14.2 

14.2 

14.4 

16.3 

22.6 

6 

15 

15.4 

15  5 

15.2 
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5 

10 
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12 
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15.0 

22.0 

8 

16 
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5 

7 

9.8 

13.9 
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4 

6.67 
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14.0 

21.6 

5 

8.333 

10.9 

14.1 

21.6 
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10 

10 

II 

14.2 
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A solution  for  ('(  under  constant  deflection  is  given  as 


q>  = 2 GB  2 v 2H 
3Hm2*2 


(48) 


where  y is  the  deflection  or  displacement  of  an  inner  load  point  with  respect  to 
the  outer  load  point  on  one  of  the  specimen  arms,  and  a is  the  crack  length 
measured  from  the  load  point  position.  This  technique  causes  £j  to  decrease 
when  the  crack  length  extends. 

The  expression  for  compliance  in  Eq.  (46)  appears  to  have  been  derived  from 
the  analysis  of  torsional  deflection  of  a rectangular  section  therefore,  the  constant 
3/4  must  represent  one  configuration  only.  The  solutions  have  been  extended  to 
apply  to  a general  configuration  defined  in  terms  of  the  ratio/?///  [28],  These 
are  shown,  for  constant  and  decreasing  A|,  respectively,  as  Eqs.  (49)  and  (50): 


0.845  g 


Hi 


= 


B2s/H 

f Hf) 

Hm  a 


(49) 


(50) 


When  face  grooves  are  used  to  direct  crack  propagation,  the  actual  value  of  K\  is 
obtained  by  multiplying  the  value  for  the  ungrooved  specimen  by  -jBlBn  (see 
Sec.  2.6). 

Center-Cracked  and  Double-Edge-Cracked  Plate  Specimens 

The  double-edge-cracked  plate  specimen  is  symmetrically  similar  to  the 
center-cracked  configuration,  and  both  are  suited  to  evaluating  sheet  materials. 
However,  neither  specimen  is  as  efficient  as  the  single-edge-cracked  specimen 
from  the  standpoint  of  load  and  material  requirements.  When  the  center-cracked 
specimen  is  loaded  at  a distance  remote  from  the  crackline,  A)  increases  as  the 
crack  extends;  when  the  specimen  is  loaded  at  the  crackline,  K\  decreases  for  a 
certain  range  of  crack  extension.  In  this  regard,  Ky  decreases  under  constant 
load  rather  than  fixed  crack-opening  displacement,  as  has  been  discussed.  The 
surface-cracked  specimen  probably  simulates  the  majority  of  defective  structures, 
but  is  somewhat  weak  from  an  analytical  viewpoint. 

Configuration  and  A)  Calibration  of  the  Remote-Loaded,  Center-Cracked 
Specimen.  The  specimen  shown  in  Fig.  14  is  recommended  for  fracture-toughness 


SPECIMEN  GKOMKTRIIS 


4? 


do  not  properly  satisfy  the  boundary  conditions  of  the  configuration.  Three 
other  calibrations  have  been  reviewed  independently  (5)  which  are  in  close 
agreement  with  each  other  and  can  be  expressed  by  a single  curve.  The  polynomial 

. 1.77  70.227(f) -0.5. (f)' 72.7(f)’  (53) 

represents  this  curve  to  within  O.S%  over  the  range  of  2a/ Vv  from  0 to  0.7,  while 
that  of  Eq.  (54), 


K\BW 

Psfi 


is  slightly  less  accurate  ( 1%  in  the  same  range),  but  is  easier  to  use.  It  is  generally 
agreed  that  either  Eq.  (53)  or  (54)  should  be  used  rather  than  Eq.  (51)  or  (52). 

Configuration  and  K\  Calibration  of  the  Crackline-Loaded,  Center-Cracked 
Specimen.  This  specimen,  shown  in  Fig.  15,  is  pin  loaded  at  a distance  S above 
and  below  the  crackline.  If  S is  small  compared  with  a and  a is  small  compared 
with  H',  and  the  load  P is  maintained  at  a constant  level,  K]  decreases  as  a/W 
increases  to  a limiting  value  and  then  begins  to  increase  in  accordance  with  [9] 


(55) 
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Fig.  15.  Configuration  and  Al|  calibration  of  the  cracklinc-loaded, 
center-cracked  plate  specimen. 
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STRESS  CORROSION  TESTING  WITH  PRECRACKED  SPECIMENS 


Configuration  and  K\  Calibration  of  the  Surface-Cracked  Specimen.  The 

configuration  is  shown  in  Fig.  16.  Two  solutions  for  Kj  that  do  not  lend  them- 
selves to  presentation  in  calibration  form  are  given  below: 


FLAW  SHAPE  PARAMETER.  0 

Fig.  16.  Configuration  and  K\  calibration  of  the  surface-cracked  plate  specimen. 
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The  following  equation  contains  an  estimate  of  the  effect  of  plasticity  on  X| 
[29] , and  the  factor  Q is  found  in  the  accompanying  graph  as  a function  of  the 
crack  geometry  described  in  terms  of  the  ratio  of  crack  depth  a to  crack  length 
2c(a/2c)  and  for  different  ratios  of  applied  gross  stressto  yield  strength  (o^/oVJ): 

*1  = 1-1  o,  (58) 

This  equation  is  limited  in  use  to  a/fl  ratios  ( B is  thickness)  of  0.5. 

The  following  equation  was  derived  to  extend  the  analysis  to  deeper  cracks 

13°] : 

Ki  = M'Mpo  - (59) 

where  Q*  - Q for  the  curve  of  og/ays  = 0.  The  correction  for  free  surfaces Me 
was  obtained  by  a point-collocation  method  for  a/B  ratios  to  1.0,  while  for 
plasticity  a correction  Mp  based  on  a model  of  an  extended  yield  zone  [3 1 ] was 
obtained.  Values  of  Me  and  Mp  are  shown  in  Figs.  17  and  18,  respectively.  The 
value  of  Mt  is  limited  by  the  amount  of  plasticity  between  the  crack  front  and 
the  back  free  surface  (Fig.  17).  The  limiting  values  for  different  ratios  of  ogloys 
are  shown  by  dashed  lines  at  a specific  value  of  m,  which  is  a strain-hardening 
coefficient  defined  as  the  quantity  1 - aysloQ  where  oo  is  the  maximum  uniaxial 
tensile  stress,  an  estimate  of  which  is  the  ultimate  tensile  strength  of  the  material. 
The  value  of  Mp  is  presented  in  Fig.  18  as  a function  of  applied  stress  ratio 
Cgloyt  for  different  values  of  m. 

For  a/B  ratios  less  than  0.5,  the  correction  for  free  surfaces  in  Eq.  (59)  is 
higher  than  that  in  Eq.  (58)  by  about  6%  to  7%,  and  it  appears  from  the  discus- 
sion of  the  subject  [30]  that  the  correction  for  plasticity  in  Eq.  (58)  is  adequate 
for  moderate  values  of  og/oys.  Therefore,  it  seems  reasonable  to  use  Eq.  (58)  to 
estimate  the  effect  of  plasticity  on  K\  when  testing  surface-cracked  specimens 
simply  because  it  has  been  used  more  often  than  the  approach  indicated  by 
Eq  (59). 

Configuration  and  K\  Calibration  of  the  Double-Edge-Cracked  Specimen.  This 
specimen  is  shown  in  Fig.  19.  Two  calibrations  for  K\,  Eqs.  (60)  and  (61),  are 
shown  below; 

TvT  ' [7  ('“  w * 0J  !m  ^)]  <60) 

73T  ‘ lM  * Z12(v)!  ’ Z42(t)S  ■ «'> 

Equation  (60)  is  the  commonly  used  closed  trigonometric  expression  [4]  and  is 
not  considered  sufficiently  accurate  for  values  of  2a/W  greater  than  about  0.4. 
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Fig.  18.  Plasticity  stress-intensity  magnification  factor  Mp  for  a penny-shaped 
crack  in  an  infinite  solid  subjected  to  uniaxial  tension. 
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STRESS  CORROSION  TESTING  WITH  PRF.CRACK.ED  SPECIMENS 
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Eig.  19.  Configuration  and  Aj  calibration  of  the  remote-loaded, 
double-edgc-cracked  plate  specimen. 


Equation  (61 ) was  obtained  by  complex  variable  methods  [32]  and  is  considered 
to  be  accurate  to  within  1%  for  2a/W  values  from  0 to  0.7  [5] . 

Circumferentially  Cracked  Round  Bar  Specimen 

This  specimen  will  probably  be  used  only  to  evaluate  rods  or  similar  products 
with  respect  to  the  initiation  value  of  K\,Cc-  The  configuration  is  shown  in 
Fig.  20.  Functions  from  five  references  compiled  by  Bueckner  [33)  are  given  in 
Table  2.  His  own  results  are  considered  to  be  the  most  accurate  (within  1%)  and 
are  recommended  for  use  in  Eq.  (62); 


AT,  -/(f)  (62) 
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Fig.  20.  Configuration  and  K]  calibration  of  the  circumferentially  cracked, 
round  bar  specimen. 


Table  2.  Values  of  f(d/D) 


d/D 

Ref.  33 

Ref.  34 

Ref.  35 

Ref  36 

Ref  9 

0.5 

0.240 

0.239 

0.230 

0.224 

0.227 

0.6 

0.255 

0.252 

0.234 

0.232 

0.255 

0.707 

0.259 

0.258 

0.229 

0.233 

0.259 

0.8 

0.251 

0.250 

0.217 

0.224 

0.251 

0.9 

0.210 

0.210 

0.195 

0.199 

0.210 

P 


1.72  - 1.27. 

a 


(63) 


Equation  (63)  is  a dimensionless  Aq  calibration  of  Eq.  (62)  and  presents  coeffi- 
cients prepared  from  Ref.  33  as  reported  in  Ref.  5.  This  form  has  the  advantage 
of  being  linear  in  D/d,  which  simplifies  calculations. 


2.5  Testing  Procedure  and  Data  Presentation 

Testing  methods  that  use  precracked  specimens  can  be  conveniently  discussed 
in  terms  of  whether  the  stress  intensity  factor  K\  increases,  decreases,  or  remains 
constant  with  crack  extension.  In  all  methods  the  objective  is  to  establish  the 
threshold  stress  intensity  factor  ACj,ec  for  SCC.  Evidence  has  been  presented 
which  strongly  indicates  that  Aq,cc  is  a genuine  threshold  in  titanium  alloys  [37] , 
but  at  present  there  is  no  basis  for  extending  this  indication  to  other  alloy 
systems,  in  certain  aluminum  alloys,  either  residual  quenching  stresses  or  stresses 
generated  at  the  crack  tip  by  the  wedging  action  of  corrosion  products,  or  both, 
have  resulted  in  stress  corrosion  cracking  without  an  applied  stress  [38,39] . 
This  behavior  has  led  to  the  adoption  of  at  least  two  criteria  by  which  to  charac- 
terize the  stress  corrosion  threshold. 
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K\j  vs  Time  to  Failure 

The  specimen  geometries  that  are  usually  employed  in  tests  where  A'|  increases 
with  crack  extension  are  shown  in  the  overall  classification  (Fig.  3).  To  measure 
resistance  to  SCC,  these  specimen  configurations  are  sustain  loaded  in  the 
presence  of  the  environment  by  remote  tension  or  bending  to  selected  initial 
stress  intensity  Ap  levels  below  the  fracture  toughness  K\c  of  the  alloy.  The  A'|, 
levels  are  calculated  by  substituting  the  initial  crack  length  measurement,  the 
applied  tension  load  or  bending  moment,  and  the  pertinent  specimen  dimensions 
into  the  equation  that  describes  the  K \ calibration  for  the  specimen.  The  time  to 
failure  of  each  specimen  is  then  plotted  against  the  corresponding  A'p  level.  A 
minimum  K\  value  is  established  at  which  stress  corrosion  crack  growth  does  not 
occur  after  an  arbitrarily  selected  time.  This  apparent  threshold  stress  intensity 
level  has  been  designated  A]JCC. 

Shapes  of  stress  corrosion  curves  plotted  in  this  manner  are  given  schematically 
in  Fig.  21 . Curve  A is  typical  for  titanium  alloys  and  curve  B is  typical  for  steel 
alloys;  however,  it  should  be  emphasized  that  no  shape  is  peculiar  to  any  alloy 
system.  The  displacement  of  curve  B toward  longer  times  to  failure  is  specific  to 
the  particular  alloy /corrodent  combination  and  is  thought  to  indicate  different 
crack-initiation  properties.  It  has  been  demonstrated  that  the  shape  of  a stress 
corrosion  curve  provides  a qualitative  indication  of  the  relationship  between 
stress  intensity  and  crack  growth  rate  or  crack  velocity  [40] . 

The  threshold  stress  intensity  level  AiJCC,  like  the  time-to-failure  threshold 
development  on  conventional  smooth  specimens,  depends  upon  the  duration  of 
the  test.  Arbitrary  waiting  periods  have  been  used  to  determine  whether  cracking 
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Fig.  2 1 . Schematic  representation  of  stress  corrosion  data  produced  by  test  method 
baaed  on  time  to  failure. 
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will  occur.  In  titanium  alls. vs  the  period  would  be  6 hr;  in  low  alloy  stecia, 
hr;  and  in  high  alloy  steels  of  the  n laraging  type.  'UOO  hr.  ' Though  al»mr  an 
alloys  are  not  usually  evaluated  by  this  particular  technique  toev  w-oidi!  'equite 
a waiting  period  of  about  1000  hr  t<>  establish  a A'. „•<  !--vel  * It  is  r-  oumiended 
that  specimens  which  survive  the  sr  ho  n-J  test  pen  b should  he  failed  in  air  and 
scrutinized  for  evidence  of  crack  gr  wth  mat  was  not  viable  on  the  side  surfaces 
>f  the  specimen  Also,  the  fractui-  ,,;ces  <.'  ill  specimens  should  be  examined 
so  that  o! k i .igth  measurements  nad'  , ‘ ,e  surface  prior  to  testing  can 
he  • ocT 

1 crack-initiation  testing  procedure  requires  the  u.c  of  several  sp<  mens  to 

0 - In  another  vcisi  ••  f the  same  proc  d ire,  a single  »p.  men  is 

so  h'  .i.d  a a i,  leva'  be!  -w  (tie  anticipated  . After  an  es.vi  I"'. 

■ :«u.  i • • '!  in  is  examined  lor  surface  - .iuettet  of  crick  I: 

k gre  * the  precrack  is  resharpened  by  fatigue  a;  d » ■ vscoo 

' :.de  1 ..  1 ji  y level.  This  procedure  >*  repeated  ui  ri*  *.  ok  cn- 

1 r.  . • ;'*:wil  at  a/  , i- vel  design 

Ky  v«  Crack  Growth  kate 

Constant-deflection,  (IV-a)-ind  vicnl  u,,J  , >•  al-dotnii  ued,  s n..:  er* 
cracked  plate  specimens  have  been  used  to  measure  :es:.  cu .«<  ..  o 
in  terms  of  crack  growth  rate  and  crack-arrest  .rrteria.  The  specimen  is  li\  * 
holding  device  and  the  environment  applied  to  the  tip  of  (he  machined  at  ;:h. 
The  arms  of  the  specimen  are  deflected  (by  turning  a bolt,  inserting  r .u,  , 

or  '•  .Iding  wit.i  an  elastic  proving  ring)  until  a natural  crack  pops  in  from  the 
notch.  If  the  specimen  has  been  fatigue  preciacke  i,  it  is  deflected,  in  the  presence 
of  Die  corrodent,  to  a picdetermined  Ky,  value.  Crack  opening  displacement  v is 
measured  along  the  line  ■;  load  applk  it.  and  maintained  at  the  same  level  for 
the  miration  of  the  test.  0'.~e  the  , 'iv:,onment  is  ippiied  to  ’he  specimen,  (he 
crack  length  is  monitored  as  a C . • ■.n  ct  lime  elapsed  from  pop  in  or  dellectior. 
The  overa'l  result  of  this  proccduie  is  to  cv...c  ioe  '.-ess  in’enrity  factor  to 
decrease  as  the  crac!'  xlend.  unjer  the  "iTu.nc.  o!  the  co  ■ .en:  The  sIojk  of 
the  crack-l'mgth-wt- ;>e  vup  ,t  anv  ;k  length  pro-  d . u,  x c.  >< 

Fji  the  (V-ij)-inditTetviit  specimen.  Die  use  of  an  equation  o.  a •gi,-..  ,i  . . 
Ky  s/Tiitfv  vs  at II  couvei*'  ‘'ack  length  into  stress  intensity  X\.  F ■ v..  •!;’  j)- 
domina'.d  xpc.imen,  a knowledge  of  the  unique  Ky  calibration  n requued  to 
deterir.1  Ine  stress  intensity  level. 

The  data  are  plotted  as  logarithmic  crack  growth  rate  or  logarithmic  crack 
veil  city  vs  stress  intensity  factor.  Generally,  three  stages  or  regions  of  crack 
growth  rate  may  be  identified  in  stress  corrosion  results  presented  in  this  manner. 
They  are  shown  only  schematically  in  Fig.  22  because  I he  actual  relationship 


•Although  these  time  periods  have  been  used  extensively,  they  are  by  no  means  accepted  as 
standards  and  should  not  be  so  regarded.  (Editor) 
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k »g.  22.  Schematic  representation  of  stress  corrosion  data  produced  by  test  method  based 

on  crack  growth  rate. 


between  crack  velocity  and  stress  intensity  is  a function  of  alloy  composition 
and  metallurgical  structure  and  of  the  chemical  and  electrochemical  characteristics 
of  the  environment.  The  first  region  occurs  at  low  stress  intensities  where  crack 
growth  rate  is  strongly  stress-intensity  dependent  and  the  crack  may  eventually 
arrest,  thus  indicating  Kljcc.  Generally,  the  crack  extends  at  an  extremely  slow 
rate  and  A'|,cc  is  designated  as  an  arbitrarily  selected  crack  velocity.  The  second 
region  occurs  at  intermediate  stress  intensities  where  crack  growth  rate  is 
independent  of  stress  intensity.  The  third  region  occurs  at  stress  intensities  close 
to  K\c  where  the  crack  growth  rate  again  becomes  dependent  upon  stress  intensity. 

Variations  of  this  typical  stress-intensity-vs-craek-velocity  relationship  have 
been  repotted  by  a number  of  investigators.  For  example,  commercial  aluminum 
alloys  tested  under  controlled  potential  in  saturated  K!  do  not  exhibit  region  111 
behavior  and  may  show  two  plateaus  in  the  stress-intensity-independent  portion 
( region  U)  of  the  curve  (41).  Heat-treatment  condition  also  had  a strong  influei.ee 
on  the  slope  and  position  of  the  region  1 and  II  portions  of  the  curve  when 
Ti-8Al-lMo-lV  alloy  was  tested  under  0.6 M KC1/-500  mV  and  10 M HC1  / 
open-citcuit  conditions  (42) . 

The  type  of  specimen  and  the  method  of  loading  employed  during  a stress 
corrosion  test  influences  the  extent  of  stress-intensity-vs-crack-velocity  data. 
Crack  growth  rate  and  *f[,cr  data  have  been  taken  on  single-edge-cracked  plate 
specimens  of  titanium  alloys  in  which  the  stress  intensity  increased  with  crack 
extension  [43  ] Specimens  were  tested  in  tension  in  a universal  testing  machine 
at  a predetermined  crosshead  velocity.  The  crosshead  motion  was  stopped  when 
the  crack  initiated  {K\lcc),  which  allowed  the  stress  co/rosion  crack  growth  rate 
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to  be  monitored  over  a longer  distance  before  rapid  failure  occurred.  Only  region 
II  and  111  behavior  may  be  characterized  by  this  tension  testing  technique. 
Specimens  in  which  the  stress  intensity  is  designed  to  remain  constant  during 
crack  extension  have  been  employed  to  characterize  stage  1, 11,  and  III  behavior 
of  steels  [44]  and  stage  I and  II  behavior  of  aluminum  alloys  [41] . 

Crackline-loaded,  single-edge-cracked  plate  specimens  are  most  efficiently 
used  for  testing  high  strength  aluminum  alloys  in  the  S-L  and  S-T  orientations, 
since  titanium  and  steel  alloys  are  usually  too  tough  to  pop  in  mechanically 
without  arm  breakoff.  Specimens  of  these  materials  require  precracking  by 
fatigue  and  may  also  need  side  grooving  to  maintain  the  crack  in  plane  and/or  to 
avoid  crack  branching.  Crackline-loaded,  single-edge-cracked  specimens  of 
titanium  and  steel  alloys  may  be  tested  to  determine  K]SCC  if  they  are  precracked 
by  latigue  and  self-stressed  to  different  applied  levels.  The  specimens  that 
show  no  crack  growth  are  then  deflected  below  Kiscc  and  those  that  do  show 
growth  are  stressed  above  K\scc . Cracks  in  the  latter  specimens  will,  of  course, 
arrest  at  AT[Jec  if  they  remain  in  plane. 

Knowing  when  to  terminate  the  stress  corrosion  test  is  a problem  when  crack- 
arrest  methods  are  used,  since  proof  is  required  that  the  crack  is  not  propagating. 
When  further  crack-velocity-vs-stress-intensity  data  ranging  from  near  K\c  to  the 
arbitrary  K\scc  are  available  for  a variety  of  alloy/corrodent  combinations,  it  may 
be  possible  to  describe  resistance  to  stress  corrosion  cracking  by  referring  to 
features  such  as  the  slopes  and/or  intersections  of  the  different  stages.  With 
crack-arrest  methods,  it  is  again  recommended  that  specimens  should  be  broken 
open  after  testing  to  observe  the  fracture  characteristics  and  to  check  the  dimen- 
sions and  shajx-  of  the  precrack  and  the  stress  corrosion  crack. 


2.6  Specimen  Preparation  and  Testing 

This  section  is  essentially  a commentary  on  the  practical  aspects  of  employing 
precracked  specimens  for  stress  corrosion  testing.  Many  recommendations  and 
hints  concerning  specimen  preparation,  testing  procedure,  data  reporting,  etc., 
have  b.'cn  made  previously  [4,5]  in  conjunction  with  fracture-toughness  testing. 
Others,  however,  are  the  results  of  experiments  conducted  specifically  to  aid  in 
the  establishment  of  realistic  guidelines  for  stress  corrosion  testing. 

Surface  Preparation 

The  quality  of  the  surface  finish  on  plate  specimens  is  usually  governed  by 
the  dimensional  tolerances  required  to  locate  surfaces  for  positioning  the  notches 
and  pinholes.  Specimens  are  generally  rough  sawed  from  ptate,  forging,  or  extru- 
sion stock  and  milled  square  with  an  intermediate  mill  cutter.  The  surface 
quality  may  be  improved  at  the  apex  of  the  machined  slot  to  facilitate  observation 
of  both  the  n^tch-sharpening  operation  and  crack  initiation  during  actual  stress 
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corrosion  testing.  Test  methods  that  employ  a crack-arrest  criterion  to  establish 
AiJc  t usually  require  a fine-milled  finish  or  a ground  finish  on  two  opposite  sides 
of  a specimen  so  that  crack  growth  can  be  measured  readily.  Many  investigators 
hand  polish  a specimen  so  that  crack  length  can  be  monitored  visually  at  several 
locations  along  the  specimen  width. 

Loading  Arrangement 

Precracked  specimens  are  loaded  externally  in  tension  or  bending  by  either 
constant-load  or  constant-deflection  techniques.  Loading  arrangements  should 
be  designed  to  conform  with  the  boundary  conditions  assumed  in  deriving  the 
A'i  calibration,  or  errors  in  the  determination  of  K\  will  result.  The  “Proposed 
Method  of  Test  for  Plane  Strain  Fracture  Toughness  of  Metallic  Materials”  [6] 
suggests  that  (a)  bend-test  fixtures  should  be  designed  to  minimize  errors  which 
can  arise  from  friction  between  specimen  and  supports,  (b)  the  general  gripping 
arrangement  for  tension  testing  should  be  designed  to  allow  rotation  as  the 
specimen  is  loaded,  and  (c)  careful  attention  should  be  given  to  achieving  as 
good  alignment  as  possible.  These  suggestions  should  be  adopted  during  stress 
corrosion  testing  even  though  the  load  (or  deflection)  is  constant  rather  than 
increasing  until  fracture  of  the  specimen. 

Constant  Load.  Constant  load  is  usually  achieved  by  deadweight,  hydraulic, 
or  mechanical  methods  that  employ  lever  systems  and  associated  facilities  such 
as  tension  machines  and  test  rupture  racks.  The  accuracy  of  the  load  measure- 
ment depends  upon  the  sensitivity  of  the  instrumentation  and  the  accuracy  of 
the  calibration  for  load.  The  interpretation  of  stress  corrosion  results  generated 
on  prccracked  specimens  may  be  severely  affected  by  an  external  vibration. 
Corrosion  fatigue  rather  than  stress  corrosion  may  cause  premature  crack  initiation 
when  testing  techniques  that  employ  a crack-initiation  criterion  to  establish 
A'|Jfc  are  used.  If  an  external  vibration  exists  in  the  laboratory  or  at  the  test  site, 
the  experimenter  should  resort  to  hydraulic  or  mechanical  rather  than  dead- 
weight loading.  This  will  eliminate  the  effect  of  external  vibration. 

Constant  Deflection.  Constant-deflection  specimens  are  loaded  by  deflecting 
the  arms  of  specimens  with  a bolt,  wedge,  pin.  or  other  device.  The  simplicity  of 
this  stressing  method  allows  the  specimen  to  be  portable.  The  accuracy  of  load 
measurement  depends  upon  the  accuracy  with  which  the  specimen  compliance 
depicts  the  load  in  terms  of  deflection  and  upon  the  exactness  of  the  measure- 
ment of  deflection.  It  is  not  expected  that  an  external  vibration  will  affect  crack 
velocity  when  testing  techniques  that  employ  a crack-arrest  criterion  to  establish 
Kiscc  are  used. 

Several  techniques  have  been  employed  to  produce  constant  deflection  in 
(IV-fi)-indifferent  and  (H'-a)-dominated,  crackline-loaded,  single-edge-cracked 
plate  specimens.  A modified  version  of  the  original  (IV-fll-dominated  fracture 
specimen  [45]  has  been  used  for  stress  corrosion  testing  of  steels  [17].  The 
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loading  assembly  is  shown  schematically  in  Fig.  23a.  A drilled  and  lapped  hole 
in  the  top  arm  of  the  specimen  contains  a bolt  which  contacts  a pin  which  is  set 
in  a drilled  hole  located  in  the  bottom  arm  normal  to  the  bolt  and  spanning  the 
specimen  thickness.  Both  pin  and  bolt  are  machined  from  high  strength  steel  to 
prevent  plastic  flow  of  each  component.  After  fatigue  cracking,  the  specimen  is 
loaded  in  a vise  with  a torque  wrench  and  a NASA-type  clip  gage.  For  a loading 
bolt  of  reasonably  tough  steel,  this  loading  operation  may  require  a high  torque, 
so  that  lubrication  of  the  threads  is  helpful  in  preventing  shearing  of  the  bolt. 
When  crack  growth  arrests,  the  deflection  is  noted  and  the  specimen  is  unloaded. 
It  is  subsequently  reloaded  in  a tension  machine  to  the  deflection  at  arrest  to 
measure  the  corresponding  load.  Alternatively,  the  load  may  be  calibrated  by 
instrumentation  of  the  bolt  or  by  use  of  a previous  compliance  calibration. 

Specimens  classified  as  ( W-a ) indifferent  have  been  loaded  in  very  similar 
assemblies  to  measure  the  crack  growth  and  crack-arrest  characteristics  of  high 
strength  aluminum  alloys.  In  one  case  [46] , the  almost  circular  pin  is  replaced 
by  a semicircular  steel  insert  and  the  specimen  is  stressed  by  a ball  bearing  pressed 
against  the  steel  insert  by  a setscrew  (Fig.  23b).  Another  method  eliminates  the 
steel  pin  or  insert  [39]  and  allows  the  steel  bolt  to  bear  against  one  face  of  the 
machined  slot  (Fig.  23c).  Still  another  technique  [41]  employs  a drilled  and 
tapped  hole  which  continues  completely  through  the  bottom  arm  of  the  sample. 
Bolts  are  screwed  into  both  arms  and  upon  contact  at  the  center  of  the  machined 
slot  are  torqued  to  provide  the  necessary  deflection  (Fig.  23d).  These  same 
holes  may  also  be  used  to  grip  the  specimen  during  precracking  by  fatigue 
loading. 

Alternatively,  grips  have  been  attached  to  this  specimen  and  stressing  accom- 
plished using  a calibrated  proving  ring  [47] . The  specimen  is  loaded  to  a K\j 
level  and  when  the  crack  propagates,  the  load  imposed  by  the  proving  ring 
relaxes  until  equilibrium  is  achieved  and  the  crack  arrests.  It  is  claimed  that  the 
load  is  more  easily  measured  to  the  desired  accuracy  than  is  the  deflection  in 
bolt-loading  arrangement. 

Metallic  wedges  are  also  employed  in  place  of  bolts  (Fig.  23e)  to  stress  both 
standard  (K'-a)-indifferent  and  (B'-a)-dominated  fracture  specimens  [42]  and 
specimens  that  are  too  thin  to  accommodate  a bolt  [48] . The  wedge  is  usually 
pressed  into  either  the  machined  slot  or  a sawcut  by  using  a vise.  Plastic  deforma- 
tion of  the  specimen  arms  due  to  wedge  loading  of  thinner  samples  detracts 
significantly  from  the  quantitative  value  of  the  subsequent  data.  A small  and 
operationally  simple  specimen  of  the  decreasing  K\  type  is  currently  being  used 
to  screen  sheet  and  plate  materials  for  SC C propagation  characteristics  by  crack- 
arrest  methods  [49] . The  machined  slot  is  spanned  at  its  midpoint  by  a tapered 
hole  drilled  and  reamed  normal  to  the  anticipated  direction  of  crack  propagation 
to  accept  a standard  tapered  pin  (Fig.  23f ).  The  load  is  applied  by  forcing  the 
tapered  pin  into  the  hole.  A particular  disadvantage  of  this  loading  method  is 
that  the  originally  circular  reamed  hole  becomes  oval  as  the  tapered  pin  is  forced 
into  it.  This  results  in  some  uncertainty  about  the  actual  points  at  which  the 
tapered  pin  applies  its  load  to  the  specimen. 
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Crack  Configuration 

The  width,  height  (or  length),  and  thickness  proportions  of  each  precracked 
specimen  suitable  for  use  in  stress  corrosion  testing,  together  with  the  distances 
between  loading  supports,  are  those  currently  recommended  in  publications  of 
Committee  E-24  on  Fracture  Testing  of  Metals  of  the  American  Society  for 
Testing  and  Materials.  These  primary  dimensions  are  usually  expressed  in  terms 
of  the  width  W of  the  specimen.  Because  testing  procedures  for  SCC  are  generally 
based  on  subcritical  rather  than  unstable  crack  extension,  crack  length  con- 
siderations merit  particular  discussion.  In  stress  corrosion  testing,  it  is  specified 
that  the  length  of  the  initial  crack-starter  notch,  that  is,  the  machined  slot  with 
a fatigue  or  mechanical  crack  at  its  apex,  can  be  as  short  as  0.2 HC  Both  mini- 
mum and  maximum  crack  lengths  depend  upon  the  limits  of  accurate  A]  cali- 
bration with  respect  to  the  range  of  ratios  of  crack  length  to  specimen  width 
or  height. 

Machined  Skit.  Several  designs  of  crack-starter  notches  are  available  for  most 
plate  specimens  [6] . The  notches  that  are  located  centrally  with  respect  to 
pertinent  specimen  dimensions  usually  extend  to  20%  of  the  specimen  width  or, 
for  the  case  of  the  crackline-loaded,  (W-a)-in different  specimen,  to  a percentage 
of  the  specimen  height.  The  machined  slot  is  used  to  simulate  a crack  because  it 
is  not  practicable  to  produce  plane  cracks  of  sufficient  size  and  accuracy  in  plate 
specimens.  The  compliance  of  a specimen  containing  a crack  of  given  length 
will  not  be  exactly  the  same  as  that  of  a specimen  containing  a finite-width  slot 
of  the  same  length.  To  minimize  errors  arising  from  this  difference,  it  is  recom- 
mended that  the  specimen  be  made  large  and  the  slot  width  narrow  [5] . A slot 
width  of  1/16  in.  is  suggested  because  this  is  the  minimum  width  which  is  usually 
obtainable  from  the  milling  tools  used  to  prepare  the  apex  of  the  slot  for  further 
fatigue  or  mechanical  extension.  For  stress  corrosion  testing  of  steel  [50]  and 
titanium  alloys  [51]  that  employed  single-edge-cracked  plate  specimens  loaded 
in  bending,  machined  V-grooves  rather  than  slots  have  been  used  extensively. 
The  V-grooves  apparently  facilitate  access  of  the  environment  to  the  crack  tip. 
Special  equipment  is  usually  required  to  prepare  the  crack-starter  notches  in 
circumferentially  cracked  round-bar  and  surface-cracked  plate  specimens. 

Notch  Acuity.  The  slot  should  have  as  sharp  a tip  radius  as  possible  to 
minimize  either  the  stress  intensity  level  required  to  produce  a fatigue  crack  of 
at  least  0.05  in.  in  a reasonable  time  or  the  bending  moment  required  to  produce 
mechanical  pop-in  to  at  least  the  same  distance.  Machined  slots  may  be  sharpened 
by  milling  a simple  V-notch  or  chevron  notch  or  by  producing  a narrower  slot 
with  a jeweler’s  saw.  It  has  been  reported  that  the  notch  root  radius  should  be 
<0.003  in.  [6]  and  0.005  in.  maximum  [4] , but  when  the  chevron  form  of 
notch  is  used  (Fig.  24),  the  notch  root  radius  may  be  0.01  in.  or  less  [6] . This 
tolerance  may  be  easily  achieved  with  conventional  milling  and  grinding 
equipment. 
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DIMENSIONS  IN  INCHES 


SECTION  ON  ^ 


Fig.  24.  Chevron  notch  for  edge-cracked  plate  specimens. 


Fatigue  Precracking.  There  are  few  data  available  to  justify  recommending  a 
specific  procedure  for  fatigue  precracking  all  types  of  specimens.  The  fatigue 
precrack  should  be  sharp,  fiat,  and  normal  to  the  specimen  edge.  It  is  desirable 
to  follow  the  practices  of  fracture-toughness  testing  to  produce  straight  cracks. 

Careful  attention  should  be  given  to  the  equipment  for  fatigue  precracking  to 
ensure  symmetry  of  load  distribution  with  respect  to  the  notch.  The  maximum 
stress  intensity  should  be  carefully  controlled  during  the  final  stages  of  fatigue 
crack  extension  so  that,  over  the  final  2.5%  of  the  overall  crack-starter  notch,  it 
should  be  minimal  but  compatible  with  achieving  at  least  0.05-in.  growth  in  a 
reasonable  time.  The  initial  machined  notch  has  been  sharpened  by  fatigue  in 
the  presence  of  a moderately  aggressive  environment  in  an  effort  to  reduce  the 
maximum  stress  intensity  factor  and  the  time  required  to  initiate  and  propagate 
the  precrack  [52] . If  the  fatigue  crack  departs  noticeably  from  the  plane  of 
symmetry  of  the  notch,  the  greatest  angle  between  the  fatigue  crack  surface  and 
the  plane  of  symmetry  should  not  exceed  10  deg  for  precise  K\  calibration  [24] . 

Properly  proportioned  side  grooves  can  cause  the  fatigue  precrack  to  have  a 
straight  front  rather  than  lead  in  the  center  of  the  specimen;  if  the  grooves  are 

too  deep  the  crack  may  lead  at  the  surface  (7] . J 
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Whether  the  fatiguing  process  changes  the  mate. la!  near  the  fatigue  crack  tip 
to  alter  the  stress  corrosion  behavior  has  been  investigated  in  a titanium  alloy 
[53] . The  specimens  were  fatigue  cracked  at  various  Aj  levels  from  about  15% 
to  85%  of  Kic.  and  in  all  cases  similar  A'|Jfc  values  were  obtained.  When  a A|JCC 
value  is  based  on  the  arrest  of  a propagating  crack,  fatigue  precracking  proce- 
dures are  not  as  critical  as  those  required  for  the  establishment  of  K\  vs  time-to- 
failure  data.  If  the  crack  propagates  at  the  initial  K\  level,  it  soon  grows  well 
beyond  any  fatigue-damaged  zone.  An  objection  to  fatigue  precrackmg  has  also 
been  made  on  the  grounds  that  some  local  regions  of  the  crack  front  at  the  onset 
of  SCC  may  not  be  suitably  disposed  to  propagate  without  either  local  detouring 
or  mechanical  fracturing,  either  one  of  which  would  be  expected  to  require  a 
somewhat  higher  A|  than  would  continued  propagation  [7] . 

Mechanical  Pop-ln.  In  stress  corrosion  test  methods  that  employ  constant- 
deflection  specimens,  it  has  been  especially  convenient  to  torque  the  bolt  until  a 
short  mechanical  pop-in  occurs.  Even  though  in  most  instances  the  geometry  of 
a mechanical  crack  is  more  difficult  to  control  than  that  of  a fatigue  crack,  many 
experimentalists  consider  this  alternate  method  of  precracking  an  attractive 
feature  of  the  overall  test  procedure.  The  mechanical  pop-in  will  not  only 
eliminate  the  costly  and  time-consuming  operation  of  fatiguing,  but  in  conjunc- 
tion with  the  K\  calibration  will  indicate  K\c  at  arrest  for  the  material.  The 
mechanical  pop-in  method  should  he  used  only  for  decreasing  K\  tests. 

Breakoff  of  specimen  arms  has  occurred  during  attempts  to  sharpen  crack- 
starter  notches  by  mechanical  pop-in  of  ( IV -a) -indifferent  specimens.  In  high 
strength  aluminum  alloys,  the  K\  level  required  to  propagate  stress  corrosion 
cracks  parallel  to  the  rolling  plane  is  low  compared  with  the  fracture  toughness 
normal  to  this  plane,  and  arm  breakoff  is  not  a serious  problem.  In  most  high 
strength  titanium  and  steel  alloys  this  is  not  true,  so  the  extremely  high  torque 
stresses  required  on  the  bolt  (or  deflecting  device)  cause  a high  incidence  of  arm 
breakoff.  It  has  been  suggested  [13]  that  arm  breakoff  would  be  minimized  if 
•he  height  of  the  specimen  were  increased  with  respect  to  the  starting  crack  length. 

In  an  effort  to  sharpen  mechanically  the  apex  of  a cracK-starter  notch  in 
titanium  and  steel  alloys,  procedures  have  been  developed  to  decrease  the  bend- 
ing moment  required  to  cause  pop-in.  This,  in  turn,  should  generally  reduce  the 
tendency  toward  arm  breakoff.  In  one  method,  the  material  (minus  the  bolt)  is 
heat  treated  to  a low  toughness  condition,  and  the  notch  is  extended  mechanically 
by  torquing  the  bolt.  The  material  is  then  re-heat  treated  to  the  desired  condi- 
tion and  the  original  crack  is  propagated  further  by  stressing  again  with  the  bolt. 
The  second  pop-in  operation  is  facilitated  by  the  relatively  sharp  starter  notch 
produced  hv  the  first  pop-in  when  the  material  was  relatively  brittle.  In  a second 
method,  either  the  entire  specimen  or  just  the  slotted  end  (again  without  the 
bolt)  is  cooled  in  liquid  nitrogen  (-320°F),  and  the  notch  is  mechanically  ex- 
tended while  the  material  is  in  this  usually  brittle  condition.  A wedge  is  generally 
used  with  the  bolt  to  stress  the  specimen  during  pop-in  by  alternatively  squeezing 
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tin:  specimen  in  a vise  to  force  the  wedge  into  the  end  of  the  slot  and  torquing 
the  bolt  to  maintain  the  deflection.  The  chevron  form  of  notch  is  commonly 
used  and  is  continually  popped  in  until  a relatively  straight  crack  extends  at  least 
0.05  in.  beyond  the  intersection  of  the  chevron  with  the  fu'i  specimen  thickness. 
Obviously  this  procedure  is  cumbersome  enough  that  it  would  only  be  used  in 
the  absence  of  a fatigue  loading  capability. 

Crack  Measurement.  Crack  length  measurements  should  be  made  before  and 
after  stress  corrosion  testing.  Measurements  made  on  the  specimen  surface 
prior  to  testing  and  while  monitoring  crack  velocity  often  do  not  accurately 
represent  the  true  crack  length.  Observations  may  also  be  hampered  by  corrosion 
products  obscuring  the  crack  tip.  Specimens  which  do  not  fracture  completely 
during  testing  are  intentionally  failed  afterwards  to  allow  examination  of  the 
morphology  of  the  fatigue  or  mechanical  starter  crack.  Re-fatigue  cracking  over 
a short  distance  is  often  employed  to  delineate  the  extent  or  absence  of  SCC. 
Crack-arrest-type  specimens  are  commonly  broken  apoi  i after  testing  by  fracturing 
at  liquid  notrogen  temperature. 

Several  tecliniques  have  been  recommended  to  establish  the  effective  crack 
length  and  to  limit  the  reporting  of  data  from  irregularly  shaped  crack  fronts. 
For  example,  in  fracture-toughness  testing  [6]  the  fatigue  precrack  is  measured 
from  the  notched  edge  of  the  specimen  to  the  center  of  the  crack  front  and  to 
midway  between  the  center  and  the  end  of  the  crack  front  on  each  side.  The 
average  of  these  three  measurements  is  used  to  calculate  Aj.  The  fracture  test  is 
considered  invalid  if  the  difference  between  any  two  of  the  crack  length  measure- 
ments exceeds  5%  of  the  average,  or  if  any  part  of  the  crack  front  is  closer  to  the 
machined  notch  root  than  5%  of  the  average  crack  length,  or  if  any  part  of  the 
crack  front  is  less  than  0.05  in.  in  length.  Also,  the  length  of  the  crack  on  either 
surface  must  not  be  less  than  90%  of  the  average  crack  length.  If  these  rules  were 
applied  to  a stress  corrosion  crack,  many  data  would  be  invalid  even  though  the 
criteria  are  less  restrictive  at  longer  crack  lengths. 

The  form  of  the  calibration  indicates  the  magnitude  of  the  errors  in  A|  due  to 
inaccuracies  in  the  measurement  of  crack  length.  For  example,  in  the  case  of 
cracklme-loaded,  constant-deflection-type  specimens,  where  measurement  of  the 
stress  corrosion  crack  is  essential  to  establish  Aj scc,  errors  in  K\  may  be  minimized 
by  maintaining  ratios  of  crack  length  to  specimen  height  (a///)  > 3 during  stress 
corrosion  testing.  Errors  in  crack  length  measurement  will  result  in  relatively 
small  errors  in  K\  because  the  rate  of  change  of  K\  with  crack  length  is  minimal 
in  this  region  of  the  calibration  curve  (see  Fig.  5). 

Crack  growth  is  usually  monitored  by  direct  optical  observation  of  the  specimen 
with  a relatively  low-magnification  microscope.  In  a typical  method,  the  crack 
is  timed  as  it  traverses  each  equally  spaced  line  of  a grid  which  is  lightly  scribed 
or  printed  along  the  expected  trace  of  the  stress  corrosion  crack  plane.  Crack 
velocity  data  have  been  taken  on  a tension-loaded,  single-edge-cracked  plate 
specimen  by  causing  an  electrical  signal  to  interrupt  the  load  profile  of  an  X-Y 
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recorder  each  time  the  crack  passed  scribed  lines  (54] . The  same  technique  is 
used  to  monitor  crack  velocity  in  tests  performed  on  crackline-loaded,  constant- 
deflection,  single-edge-cracked  plate  specimens. 

If  it  is  not  practicable  to  view  the  crack  growth  process  directly,  an  indirect 
method  has  to  be  employed.  The  types  and  basic  principles  of  instrumentation 
available  for  detecting  crack  extension  by  these  means  have  been  reviewed  for 
fracture-toughness  testing  [4,5]  ,and  stress  corrosion  cracking  [7] . The  methods 
include  monitoring  of  crack-opening  displacement  by  a clip  gage  or  a linear 
voltage  differential  transformer,  measurement  of  electrical  resistance  of  the 
specimens,  and  ultrasonic  monitoring  of  crack  fronts.  In  a technique  designed 
specifically  for  stress  corrosion  testing,  a fine  grid  of  conducting  lines  is  applied 
to  a specimen  surface  across  the  anticipated  crack  path  by  various  vacuum  deposi- 
tion methods  (55]  The  electrical  resistance  of  the  grid  is  monitored  to  indicate 
severing  of  the  individual  elements  by  the  advancing  crack.  Whatever  technique 
is  employed,  the  instrumentation  must  be  resistant  to  many  corrosive  environ- 
ments for  long  periods  of  time ; in  particular,  electrical  methods  must  not  influence 
the  cracking  process. 

Thickness 

To  regard  A'|Ifc  as  a basic  index  of  stress  corrosion  cracking,  its  value  should 
be  independent  of  specimen  design  and  specimen  dimensions,  provided  certain 
minimum  requirements  are  fulfilled.  These  minimum  requirements  are  generally 
interdependent  and  can  only  be  established  by  experiment.  The  elastic  stresses 
that  surround  the  region  of  the  crack  tip  are  adequately  described  by  the  stress 
intensity  factor  only  when  the  crack  front  plastic  zone  is  small  compared  with 
other  specimen  dimensions  that  characterize  the  total  crack-tip  area.  Informa- 
tion has  been  presented  which  suggests  that  both  crack  length  and  thickness 
should  be  greater  than  some  multiple  of  a characteristic  dimension  of  the  plastic 
zone  (K\cl(Jys)2  for  a valid  A|c  test.  Pending  development  of  data  on  a variety 
of  alloys,  it  has  been  tentatively  recommended  that  this  multiple  should  not  be 
less  than  2.5  (5] . However,  it  has  not  been  established  whether  this  same  rule 
should  be  applied  during  the  design  of  precracked  specimens  for  stress  corrosion 
testing. 

The  effect  of  specimen  thickness  on  the  stress  corrosion  characteristics  of  a 
titanium  alloy  (56] , a steel  [57] , and  an  aluminum  alloy  [48]  has  been  investi- 
gated in  an  attempt  to  establish  the  minimum  thickness  necessary  to  obtain  a 
minimum  value  of  K\scc  in  terms  of  some  multiple  of  (K\JccloyS)2 . Single-edge- 
cracked  plate  specimens  of  mill-annealed  Ti-6A1-4V  alloy  (1.5  in.  by  7.5  in.  by 
thickness)  were  prepared  by  machining  l-in.-thick  plate  to  size.  The  thicknesses 
investigated  ranged  from  0.98  to  0.010  in.  Some  of  the  specimens  0.125  in. 
thick  and  all  of  those  thicker  were  tested  by  four-point  bending,  whereas  some  of 
the  specimens  0.125  in.  thick  and  all  of  those  thinner  were  tested  by  remote 
tension.  Tests  of  the  0.125-in.-thick  specimens  provided  a basis  for  comparison 
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on  bend-  and  (ension-loading  modes.  To  determine  the  stress  corrosion  threshold 
K\S(C,  at  least  live  specimens  for  each  thickness  were  tested  at  different  initial 
stress  intensity  levels  Ky  in  3.5 % aqueous  sodium  chloride  solution.  No  transi- 
tion was  observed  in  A|JCC  values;  A"|JCC  values  of  about  20  ksi  yjm.  were  ob- 
tained for  all  thicknesses.  Good  agreement  was  obtained  when  the  tension  test 
data  were  compared  with  the  bend  test  data  at  a specimen  thickness  of  0.125  in. 
A high  resistance  to  SCC  in  the  same  environment  had  been  reported  earlier  for 
thinner  gages  of  duplex-annealed  Ti-8AI-IMo-l  V and  mill-annealed  Ti-6AI-4V 
(58| . This  investigation  used  center-cracked  specimens  loaded  in  tension  to 
evaluate  0.025-  and  0.050-in.-thick  alloy  sheet  and  single-edge-cracked  specimens 
stressed  in  four-point  bending  to  characterize  O.SO-in.-thick  plate.  All  specimens 
were  taken  from  different  heats.  The  observation  that  SCC  of  alpha-beta  titanium 
alloys  occurs  near  the  (1017)  or  (1018)  planes  of  the  alpha  phase  suggests  that 
preferred  orientation  might  have  a significant  effect  on  stress  corrosion  behavior 
and  thus  influence  the  interpretation  of  thickness-effect  results. 

Specimens  of  AJS1  4340  steel  were  prepared  and  tested  in  the  same  manner 
as  the  mill-annealed  Ti-6A1-4V  except  that  loading  was  accomplished  by  cantilever 
rather  than  four-point  bending.  In  contrast  to  the  results  on  Ti-6At-4V,  higher 
stress  intensity  thresholds  were  observed  for  the  thinner  specimens.  The  minimum 
A| jCC  was  attained  when  the  specimen  thickness  was  >2.5  (K\sccloys)2 . 

In  the  study  of  the  effect  of  specimen  thickness  on  the  apparent  Kfscc  and  on 
the  A'|-vs-crack-growth-rate  characteristics  of  7079-T6S1  aluminum-alloy  plate 
[48] , constant-deflection,  single-edge-cracked  specimens  of  the  (IV-a)-indifferent 
type  in  thicknesses  ranging  from  1.0  in.  to  0.050  in.  were  machined  from  l-in.- 
thick  plate.  The  thicker  gages  were  bolt  loaded,  while  the  thinner  gages  were 
stressed  with  an  aluminum  wedge.  No  effect  of  thickness  was  observed  on 
cither  A|Jcf  (defined  on  the  basis  of  an  arbitrary  crack  growth  rate  of  10~5  in. /hr) 
or  on  Klc  vs  crack  growth  rate  where  data  points  for  mechanical  pop-in  (~20 
ksi  \An.)  and  Alscc  (==4  ksi  -/in.)  correlated  well  for  all  thicknesses. 

These  limited  experiments  demonstrate  that  there  is  no  obvious  universal, 
unambiguous  value  for  the  thickness  dimension  in  terms  of  the  ratio  (Ajjrr/t'ys)2 
that  would  provide  a basic  index  K\,cc  for  susceptibility  to  SCC.  As  in  the  case 
of  fracture-toughness  testing,  a reduction  in  the  degree  of  arbitrariness  is  only 
possible  when  the  amount  of  useful  experimental  data  is  increased.  In  particular, 
at  present  it  can  only  be  recommended  that  the  dimensions  of  the  plastic  zone 
be  kept  at  a minimum  compared  with  the  thickness  dimension  of  the  specimen. 
If  the  form  of  the  material  or  the  extent  of  loading  facilities  dictates  the  maxi- 
mum specimen  thickness,  the  resultant  K\scc  data  should  be  considered  character- 
istic only  of  that  material  and  its  environment.  This  result  may  be  satisfactory 
when  specimen  thickness  and  overall  configuration  resemble  service  application 
and  experience;  however,  the  translation  of  the  Kiscc  value  to  larger  components 
of  different  basic  geometry  and  loading  detail  must  await  the  results  of  tests  on 
thicker  laboratory  specimens  to  determine  whether  K\scc  is  minimum. 
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The  dilemma  of  estimating  specimen  thickness  requirements  and  analyzing 
the  corresponding  stress  corrosion  data  maybe  minimized  by  selecting  the  proper 
test  specimen.  Constant-deflection  test  specimens  that  exhibit  decreasing  A| 
with  increasing  crack  length  and  that  rely  upon  a crack-arrest  criterion  to  establish 
A'| scc  will  also  show  a decrease  in  relative  plastic  zone  size  (A’l/Oys)2,  as  the 
stress  corrosion  crack  propagates  from  mechanical  pop-in  (A|C)  to  an  arrest 
value  at  A|JCC  (<A'if).  If  the  crack  propagates  in  the  corrosive  environment  at 
the  high  A'|  level,  the  resultant  K\scc  at  complete  crack  arrest  may  be  regarded  as 
a basic  property  of  the  material  analogous  to  K\c.  A test  technique  that  relies 
upon  A'j  increasing  with  crack  extension  usually  establishes  K\scc  by  sustain 
loading  specimens  at  A'|  levels  intermediate  between  Kic  and  K\scc  and  record- 
ing time  to  failure.  Promotion  of  excessive  plasticity  at  the  crack  tip  at  high 
initial  A'[  levels  may  deter  the  initiation  of  stress  corrosion  cracks.  This  effect 
may  be  alleviated  by  loading  the  specimen  (that  is,  g'owing  the  piastic  zone)  in 
the  presence  of  the  environment. 

Side  Grooving 

Investigators  employing  crackline-loaded  specimens  in  particular  have  expe- 
rienced difficulty  in  restricting  cracking  to  that  single  plane  which  commences 
at  the  tip  of.  and  is  parallel  to  the  direction  of,  the  machined  slot.  No  severe 
problems  have  been  observed  with  7000-series  aluminum  alloys  to  date  because 
their  susceptibility  to  SCC  parallel  to  the  rolling  direction  is  much  greater  than 
their  susceptibility  in  other  directions;  the  wrought  texture  also  exerts  a strong 
influence  to  keep  the  crack  in  the  desired  plane.  In  an  attempt  to  extend  the 
use  of  crackline-loaded,  (If-a)-indifferent,  single-edge-cracked  plate  specimens 
to  aluminum  alloys  with  an  equiaxed  grain  structure,  side  (or  face)  grooves  have 
been  machined  along  the  expected  trace  of  the  SCC  plane  [48] . Semicircular 
and  angular  (60-deg)  side  grooves  of  depths  up  to  50%  of  specimen  thickness 
were  machined  in  l-in.-thick  7079-T651  plate  material  (in  which  cracking  out  of 
plane  is  not  a problem)  to  establish  their  effect  on  the  relation  between  A'|  and 
crack  growth  rate.  Although  side  grooves  of  either  shape  had  very  little  effect  on 
this  relationship,  subsequent  limited  application  of  shallow  grooves  to  equiaxed 
aluminum-alloy  specimens  was  not  effective  in  preventing  deviation  of  the  stress 
corrosion  crack  from  the  intended  plane  Deeper  semicircular  or  V-grooves 
might  be  more  effective  or  the  problem  might  be  minimized  by  increasing  or 
tapering  the  height  of  the  precracked  specimen  [13].  Crack  growth  rate  data 
were  obtained  on  contoured  or  tapered  crackline-loaded,  single-edge-cracked 
plate  specimens  of  three  steels  [4^] . Even  with  semicircular  side  grooves  of  up 
to  50%  of  specimen  thickness,  it  was  sometimes  difficult  to  maintain  the  crack 
in  the  desired  plane  of  extension.  Deviation  of  stress  corrosion  cracks  has  been 
attributed  partly  to  crack  branching  [40,44,59,60] , which  in  turn  has  been 
associated  with  the  effect  of  A|  level  on  crack  growth  rate.  If  crack  growth  rate 
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increases  rapidly  with  A),  branching  is  absent;  branching  can  occur  when  a 
constant  crack  growth  rate  with  K\  is  indicated. 

Shallow  side  grooves  (usually  5%  of  specimen  thickness  on  both  sides)  have 
been  employed  to  suppress  the  formation  of  shear  lips  as  well  as  to  guide  the 
crack  along  a single  plane  [7,17].  Limiting  the  size  of  shear  lips  facilitates  the 
direct  observation  of  crack  length.  For  aluminum  alloys,  semicircular  grooves 
are  preferred  over  V-grooves  [48  j because  of  difficulty  in  removing  corrosion 
products  from  the  roots  of  angular  grooves  and  the  tendency  for  the  crack  to 
run  into  the  groove  flanks,  which  makes  accurate  crack  length  measurements 
difficult.  Side  grooves  also  minimize  crack  front  bowing  during  stress  corrosion 
crack  growth  in  aluminum  alloys  [48} . It  has  been  noticed  [61]  that  the  cor- 
rection factor  in  A'[  for  shallow,  angular  (60-deg)  side  grooves  takes  the  expected 
form  of  (B/Bn)n , where  B ana  t)„  are  full-  and  groove-reduced  thickness,  respec- 
tively, and  where  1/2  < n < 1.  When  the  fracture  toughness  in  the  groove  flank 
direction  relative  to  the  fracture  toughness  in  the  forward  crack  direction  is  high, 
n approaches  1/2;  when  it  is  low,  n increases  toward  unity.  The  influence  of 
side  grooving  on  the  stress  intensity  factor  is  far  from  established,  and  correction 
factors  should  be  treated  with  caution,  especially  if  deep  side  grooves  are  used. 

Environment 

The  very  nature  of  the  stress  corrosion  process  demands  that  for  meaningful 
stress  corrosion  characterization,  equal  significance  should  be  attached  to  the 
metallurgical  condition  of  the  alloy,  the  environment,  and  stress.  Metallurgical 
effects  are  described  in  Chapters  3,  4,  and  5,  whereas  a dissertation  on  the 
chemistry  of  environments  is  outside  the  scope  of  this  part.  However,  attention 
to  elementary  environmental  considerations  directly  associated  with  the  testing 
procedure  is  necessary  to  assess  unambiguously  the  importance  of  quantifying 
the  stress  factor. 

To  date,  most  investigators  have  adopted  a 3.5%  aqueous  sodium  chloride 
solution  as  a ‘‘standard”  environment,  hoping  that  the  resulting  order-of-mcrit 
ranking  will  largely  hold  for  other  environments.  The  environment  may  be 
applied  in  a number  of  different  ways  to  the  crack-tip  vicinity  (similar  to  smooth- 
specimen  testing),  but  it  has  been  recommended  that  the  specimen  always  be 
loaded  in  the  presence  of  the  environment.  In  a study  of  SCC  testing  techniques 
(62) , aqueous  sodium  chloride  solution  was  added  before  and  after  four-point 
bending  single-edge-cracked  plate  specimens  of  a susceptible  Ti-8Al-lMo-l V 
alloy  and  a tougher,  more  resistant  Ti-4Al-3Mo-l  V alloy.  Similar  A|Jcf  values 
were  obtained.  A further  series  of  tests  on  commercially  pure  titanium,  which  is 
very  tough  but  is  susceptible  to  SCC,  indicated  lower  values  for  A|,cf  when  the 
specimens  were  loaded  in  the  presence  of  the  electrolyte.  Recently,  a similar 
trend  has  been  noticed  in  alpha  and  alpha-beta  commercial  titanium  alloy . [51]. 
The  A'[  values  of  specimens  of  Ti-6A1-4V  alloy  approaching  K\c  were  unaffected 
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when  loaded  in  air  lor  several  liouis  prior  lo  exposure  lo  halngcnated  hydro- 
carbons |bd|  Spcctinens  loaded  in  the  presence  of  I lie  hydrocarbon  tailed  al  fi\ 
values  close  to  S (If,  ol  A |, 

Vessels  for  containing  (lie  corrodent  around  each  specimen  are  normally  con- 
structed of  a suitable  inert  material.  A thick-walled  methacrylate  contamei  was 
used  in  conjunction  with  a center-cracked  plate  specimen  during  stress  corrosion 
studies  and  acted  as  an  additional  buckling  restraint  |5X|.  It  is  essential  that 
metallic  containers,  loading  pins,  instrumentation,  loading  bolts. etc.,  be  insulated 
from  the  specimen  with  an  efficient  masking  compound  lo  eliminate  any  galvanic 
and/or  crevice  corrosion.  Stress  corrosion  cells  should  be  designed  large  enough 
to  contain  instrumentation  such  as  probes  and  electrodes  and  also  to  provide 
good  visibility  of  crack  growth  kinetics. 

Recording  of  Data 

A complete  account  of  any  type  of  stress  corrosion  testing  should  he  reported 
with  care  and  considerable  detail  because  the  results  will  always  reflect  the 
factors  that  were  peculiar  to  rhe  test.  Fracture  testing  and  fracture  mechanics 
analysis  are  relatively  recent  developments  in  materials  engineering;  consequently, 
it  is  necessary  to  provide  the  maximum  amount  of  information  to  the  person 
attempting  to  use  the  data.  Details  of  the  environment,  methods  of  loading, 
methods  of  detecting  and  measuring  crack  extension,  all  dimensions  of  the 
specimen,  and  duration  of  the  test  exposure  should  ill  be  reported.  In  addition, 
the  orientation  of  the  precrack  with  respect  to  the  direction  of  grain  flow  1 . the 
transverse  grain  direction  T,  and  the  short  transverse  gram  direction  S of  the 
specimen  may  be  reported  using  the  method  described  in  Fig.  25. 

2.7  Discussion  of  Test  Methods 

Singlc-edgc-crackcd  plate  specimens  loaded  in  bending  eitliei  remotely  or  at 
the  cracklmc,  are  the  most  widely  used  in  the  laboratory  to  characterize  S(V. 
The  constant-deflection  version  of  the  crackline-loaded  specimen  is  extremely 
attractive  to  the  corrosionist  and  the  materials  engineer  because  of  its  simple 
design  and  low  cost  of  preparation.  The  availability  of  a compact  deflecting 
device  for  this  specimen  offers  portabili'y  that  is  very  useful  when  many  speci- 
mens and  environments  must  be  considered.  There  are  also  important  materials 
savings  when  this  geometry  is  compared  with  other  configurations  because  the 
K\SCI-  (and  sometimes  K\, ) and  crack  growth  rate  data  may  be  satisfactorily 
generated  on  one  specimen. 

The  constant-deflection  specimen  has  been  used  extensively  to  date  lo  meas- 
ure the  susceptibility  of  high  strength  aluminum  alloy  plate  when  the  crack  plane 
is  parallel  to  the  rolling  direction.  In  other  materials,  there  have  been  problems 
in  keeping  the  stress  corrosion  crack  m the  required  plane,  thus  limiting  the 
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amount  ol'  crack  growth  rate  data  available  when  the  crack-arrest  technique  is 
used.  Much  of  the  stress  corrosion  characterization  in  alloy  systems  other  than 
aluminum  has  employed  singlc-edgc-cracked  plate  specimens  in  cantilever,  three- 
point,  or  four-point  bending.  Other  configurations  have  been  used  occasionally 
to  simulate  the  Haw  geometry  and  loading  detail  found  in  service.  The  torsion- 
loaded,  singlc-cdge-crackcd  specimen  is  simple  and  inexpensive  and  car.  be  used 
either  at  constant  deflection  for  experiments  with  decreasing  K\  o;  at  constant 
load  in  experiments  with  constant  K\.  The  forme  technique  shows  promise  as  a 
method  for  determining  the  stress  corrosion  properties  of  high  strength  alloys  in 
sheet  form. 

hollowing  the  report  that  a fatigue-sharpened  prccrack  was  a prerequisite  for 
SCC  of  titanium  alloys  at  room  temperature  in  aqueous  environments  (64], 
several  specimen  geometries  were  employed  to  demonstrate  the  ability  of  stress 
intensity  (rather  than  net-section  stress)  to  describe  the  contribution  of  stress  in 
the  stress  corrosion  process.  Experiments  conducted  on  a crackline-loaded, 
center-cracked  plate  specimen  of  a titanium  alloy  showed  that  the  crack  velocity 
in  3.5 '/i  aqueous  sodium  chloride  decreased  with  decreasing  stress  intensity  and 
eventually  stopped  |(>5).  Increasing  net-section  stresses  (with  increasing  crack 
length  at  constant  tension  load)  could  not  satisfactorily  account  for  either  the 
velocity  decrease  or  the  apparent  arrest.  In  a study  involving  4340  steel  |66] 
stressed  at  constant  load  in  3. 5 71  aqueous  sodium  chloride,  the  same  K\scc  values 
were  obtained  on  three  different  specimen  configurations  (center-  and  surtace- 
cracked  plate  and  single-edge-cracked  plate  in  cantilever  bending).  Net-section 
stresses  were  too  strongly  influenced  by  geometry  to  account  for  initiation 
ot  S<  t 

I xcellent  agreement  was  reported  |l/|  when  K\scc  for  a 1 2Ni-5C'r-3Mo 
m. itngmg  steel  was  measured  using  single-cdgc-cracked  plate  specimens  loaded  in 
cantilever  bending  and  in  constant  deflection.  The  influence  of  stress  intensity 
on  the  propagation  rate  of  stress  cor-osion  cracks  and  on  the  apparent  A|s,.(  was 
determined  in  high  strength  aluminum  alloys  (41]  Of  three  different  types  of 
specimens  employed,  each  exhibited  different  and  characteristic  variations  of 
stress  intensity  with  crack  length.  Excellent  agreement  of  data  was  accomplished 
when  crack  velocity  was  plotted  as  a function  of  stress  intensity. 

Experiences  from  tests  involving  smooth  specimens  have  indicated  that  a 
satisfactory  lest  method  for  S(’(  should  produce  data  that  are  reproducible, 
selective,  and  also  inlcrpretablc  from  fundamental  and  engineering  viewpoints 
Data  generated  at  two  difleient  laboratories  for  titanium  and  alumiin.ui  alloys 
have  been  compared  successfully.  Singlc-cdge-crackcd  plate  specimens  of 
I i-SAI-l  Mo-I  V alloy  were  evaluated  by  cantilever  bending  at  one  laboratory 
and  by  loiir-poinl  bending  at  the  other  |o2] . The  A|U  ( values  obtained  were 
siiinlai  lire  sliess-inlensily-vvcrack-growih-iale  curves  for  707>|0SI  and 
7t)7‘*  |(.S|  aluminum  alloys  were  compared  at  the  same  two  laboratories  and 
showed  excellent  agreement  |3‘J| . 
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The  rating  of  stress  corrosion  susceptibilities  using  constant-deflection,  single- 
edge-cracked  plate  specimens  of  aluminum  alloys  agrees  with  the  established 
trends  based  on  smooth-specimen  threshold  data  [39] . Where  some  discrepancies 
occur,  service  exper  ence  with  the  alloy  has  borne  out  the  prccracked  data 
forecasts  [39],  This  same  specimen  has  also  provided  very  rapid  and  discrim- 
inating stress  corrosion  data  about  developmental  high  strength  aluminum  alloys 
and  has  aided  substantially  in  the  selection  of  heat-treatment  conditions  [67,68) . 
Between  the  very  resistant  and  extremely  susceptible  high-strength  aluminum 
alloys,  there  are  about  su  logarithmic  cycles  of  crack  velocity  [39] . Further- 
more, some  alloys  can  be  efficiently  rated  in  terms  of  crack  growth  rate  after 
about  one  week  of  exposure  to  the  '•orrodent.  Discriminating  between  highly 
resistant  tempers  still  poses  a problem  because  of  the  difficulties  associated  with 
identification  of  extremely  slow  crack  grewth  rates.  Examination  of  specimens 
may  also  be  hampered  by  surface  contamination  (e.g.,  general  attack  on  overaged 
aluminum  alloys  or  rusting  of  steels). 

Prccracked  specimen  techniques  have  been  used  extensively  to  study  unambig 
uously  the  kinetics  of  SCC  growth.  The  constant-deflection  and  constant-A'| 
single-cdgc-craeked  specimens  in  particular  are  well  suited  to  measurement  of 
crack  velocity.  The  constant-deflection  specimen  has  been  used  to  study  the 
influence  of  corrodent  chemistry  and  electrochemistry  on  crack  velocity  in 
aluminum  [41 1 and  titanium  alloys  [42]  and  to  investigate  the  solution  chem- 
istry within  stress  corrosion  cracks  [69] . It  is  important  to  note  that  similar 
prccracked  specimens  arc  presently  being  employed  during  alloy-development 
and  mechanism  studies  and  during  characterization  of  commercial  alloys.  The 
comparison  of  data  will  provide  a valuable  tool  to  discriminate  the  competitiveness 
of  experimental  alloys  with  the  available  commercial  alloys.  The  advantage  to 
the  engineer  of  using  fracture  mechanics  in  conducting  stress  corrosion  tests  on 
h’gli  strength  alloys  has  been  well  documented  [7,8,70].  Briefly,  the  method 
provides  characterization  under  the  most  severe  conditions  (i.e.,  a preexisting 
Haw),  offers  translation  of  laboratory  data  to  larger  components,  predicts  their 
behavior  in  service,  and  prevents  a false  indication  of  immunity. 

Despite  the  increasing  volume  of  information  concerning  the  use  of  prccracked 
specimens  during  stress  corrosion  tests,  many  factors  that  may  contribute  to  the 
development  of  a uniform  method  of  testing  remain  to  be  evaluated.  Often  the 
magnitude  of  a particular  effect  is  different  for  different  alloys,  making  it 
extremely  difficult  to  formulate  star.Ju.u  methods  of  testing.  However,  there 
is  sufficient  information  from  which  to  prepare  guidelines  for  methods  of  testing 
with  certain  prccracked  specimen  geometries.  These  guidelines,  if  used  in  con- 
junction with  a cooperative  testing  program,  will  eventually  provide  the  basis  for 
an  ASTM-recoinmendcd  method  of  test.  All  methods  should  be  kept  up  to  date 
and  need  to  be  examined  periodically  to  determine  whether  revisions  are  desirable 
as  the  lesult  ol  new  information. 
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3.  HIGH  STRENGTH  STEELS 


3.1  Introduction 

The  steels  of  interest  in  this  chapter  are  those  within  the  range  of  yield 
strength  front  about  120  ksi  up  to  the  point  where  the  steels  become  too  brittle 
to  be  of  engineering  interest.  These  are  the  martensitic  steels,  precipitation- 
hardening steels,  and  the  maraging  steels.  There  are  stainless  grades  in  each  of 
these  three  classes.  Steels  which  owe  their  strengths  solely  to  cold  work  are 
excluded.  Table  1 shows  the  typical  compositions  and  useful  yield  strength 
ranges  of  the  steels  in  the  general  classes  which  will  be  considered. 

The  steels  of  Table  1 are  hardened  by  the  formation  of  martensite,  or  by  the 
formation  of  various  precipitates,  or  by  both.  The  steels  of  Table  1 are  divided 
into  six  groups  as  follows:  The  low  alloy  martensitic  steels  have  appreciably  less 
total  alloying  elements  than  the  high  alloy  martensitic  steels,  but  even  the  latter 
steels  do  not  qualify  as  being  stainless.  The  martensitic  stainless  steels  have  a 
minimum  of  12%  Cr.  The  precipitation-hardening  stainless  steels  have  insuffi- 
cient carbon  to  produce  the  desired  strength;  these  steels  therefore  may  contain 
nickel,  molybdenum,  copper,  aluminum,  titanium,  columbiutn,  or  nitrogen  in 
various  amounts  and  proportions  to  promote  age  hardening.  The  maraging  steels 
contain  large  amounts  of  nickel,  cobalt,  and  molybdenum  and  also  contain  the 
precipitation-hardening  elements  aluminum  and  titanium.  Efforts  to  combine 
the  toughness  of  maraging  steel  with  the  corrosion  resistance  of  the  hardenable 
stainless  steels  have  been  made,  giving  rise  to  the  maraging  stainless  steels;  Almar 
362  in  Table  2 is  one  example. 

In  addition  to  the  hardening  by  the  formation  of  martensite,  and  by  precipi- 
tates, some  of  the  steels  may  be  further  hardened  by  cold  work,  and  in  fact 
many  of  the  precipitation-hardening  stainless  steels  must  either  be  worked  or 
refrigerated  to  produce  martensite  prior  to  aging. 

It  is  emphasized  that  the  mechanical  properties  of  high  strength  steels  arc 
highly  sensitive  to  processing  variables,  particularly  in  the  180-  to  210-ksi  range 
of  yield  strength.  Foi  example,  there  is  strong  evidence  that  melting  practice  is 
more  important  than  the  nominal  steel  composition  in  determining  fracture 
toughness  ( 1 1 . f igure  1 shows  that  a plot  of  the  fracture  toughness  parameters 
/vi  and  dynamic  tear  (DT)  energy  of  several  types  of  steel  as  a function  of  yield 
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HIGH  STRENGTH  STEELS 


Table  2.  Susceptibility  to  SCC  of  High  Strength  Steels  in 
Saline  Environments  as  Measured  by  Non-Precracked  Specimens 
at  70%  of  the  Yield  Stress  or  Higher 


Type 

Yield  Strength 
Range, 
ksi 

Environment a 

Susceptibility a 

(7 0-9077  Y.S.)  References 

(or  U-BenJ) 

Precipitation-Hardening  Stainless 

PH- 13-8-Mo 

220 

Salt  air 

fail 

2 

PH-13-8-Mo 

210-217 

V/’%  NaCl 

OK 

3 

PH- 14-8-Mo 

220-240 

Salt  air 

fail 

2 

PH-14-8-MO 

190-230 

3Vi%  NaCl 

OK 

3 

1 5-5-PI  1 

IS5-17S 

3'h%  NaCl 

OK 

3 

PH- 15-7-Mo 

200 

IM  NaCl 

Fail 

3,4 

17-4-PH 

140 

5 % NaCl  + H2S 

Fail 

5 

150-210 

Deep  sea 

OK 

3,6,  / 

17-7-PII 

191-220 

VA%  NaCl 

Fail 

3,8,9 

192 

Deep  sea 

OK 

6,7 

AM-350 

140-210 

3'/i%  NaCl 

Fail 

3,1012 

AM-355 

170-230 

3 Vi%  NaCl 

Fail 

4,10-12 

AFC-260 

205 

3Vi%  NaCl 

Fail 

13 

AEC-77 

190-205 

)Vi%  NaCl 

Fail 

14-16 

AFC-77 

200 

Salt  air 

Fail 

2 

Martcns.tic  Stainless 

410 

160 

V/i'A  NaCl 

OK 

9 

410 

125 

4%  IICI  + 37i 

NaCl + As 

Fail 

17 

12Mo-V 

260  (L’TSl 

3 V//r  NaCl 

fail 

18 

1 3Cr 

200-220 

3%  NaCl 

Fail 

19,20 

Martensitic 

AIS1  4340 

200-260 

5%  NaCl 

fail 

8,11,21.22 

3 W,  NaCl 

Fail 

12.23-25 

Deep  sea 

fail 

6,2h-28 

Salt  air 

Fail 

7.29 

AISI  4340 

150-190 

Deep  sea 

OK 

6 

A1SI  4330 

220 

3Vi%  NaCl 

fail 

10.21 

AISI  4330M 

217 

V/i%  NaCl 

Fail 

24 

300M 

210-275 

3 Wo  NaCl 

Fail 

4,10,12,21,23, 

29,30 

H-l  1 

190-250 

3 Vi7r  NaCl 

Fail 

4,1 1.12,25,29. 

31.32 

D6AC 

197-250 

3V,%  NaCl 

Fail 

4,21,23,29,30 

HYI30 

130 

Sea 

OK 

33.34 

aNotc: 

Knvironmcntal  variables  such  as  alternate  immersion,  or  degree  of  aeration,  and  the  de- 
tails  of  specimen  type,  geometry,  and  surface  perforation  are  omitted  in  order  to  get  an 
overall  view.  Specific  results  may  be  misleading  unless  the  references  are  examined  in  detail 
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Table  2.  Susceptibility  to  SCC  of  High  Strength  Steels  in 
Saline  Environments  as  Measured  by  Non-Precracked  Specimens 
at  70%  of  the  Yield  Stress  or  Higher-Cbz7/zmzec/ 


Type 

Yield  Strength 
Range, 
ksi 

Environment a 

Susceptibility a 
( 70-90 7c  V.S.J 
(or  U-Bend) 

References 

High  Alloy  Martensitic 

HP-9-4-20 

197 

Sea 

Fail 

35,36 

HP-94-25 

180 

3'/2%  NaCI 

OK 

18,35.37,38 

HP-94-30 

200-240 

VA%  NaCI 

OK 

17,39 

HP-94-40 

260 

3 'h%  NaCI 

Fail 

31 

HP-9445  (Q&T) 

235-260 

3>/2%  NaCI 

Fail 

30,39 

HP-9445 

(Bainite) 

220-280 

3'/2%  NaCI 

OK 

17,30,3941 

Maraging 

1 2Ni-5Cr-3Mo 

140-205 

Sea 

Fail 

28,4244 

1 8Ni 

180-350 

3'/2%  NaCI 

Fail 

11 

190 

5%  NaCI  + H2S 

Fail 

5 

200 

Sea 

OK 

44 

200-300 

Sea 

Fail 

27 

200-272 

Sea 

Fail 

28 

250 

Salt  spray 

OK 

45 

240 

Deep  sea 

Fail  (weld) 

7,26 

250-255 

3V4%  NaCI 

OK 

9,30 

210-286 

Sea 

Fail 

43 

220-250 

37f  NaCI 

Fail 

46 

250-286 

Sea 

Fail 

44 

250-270 

VU,l  NaCI 

Fail 

47 

249-354 

Dist  H^o 

Fail 

53 

300 

Water 

Fail 

48 

300 

5%  NaCI 

Fail 

25 

300 

Salt  spray 

Fail 

45 

260 

5%  NaCI 

Fail 

31 

260 

3'/i%  NaCI 

Fail 

49 

280-350 

3%  NaCI 

Fail 

50 

Maraging  Stainless 

Almar  362 

182-227 

107?  NaCI  + 

HAc 

Fail 

51 

Almar  362 

115-182 

10%  NaCI + 

HAc 

Fail 

51 

Almar  362 

161 

3‘/i%  NaCI 

s^K 

3 

"Note: 

Environmental  variables  such  as  alternate  immersion,  or  degree  of  aeration,  and  the  de- 
tails of  specimen  type,  geometry,  and  surface  perforation  arc  omitted  in  order  to  get  an 
overall  view.  Specific  results  may  be  misleading  unless  the  references  arc  examined  in  detail. 
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HIGH  STRENGTH  SUMS 
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I ig.  I.  I Meets  of  melting  practice  and  yield  strength  on  the  fracture  toughness  of 
some  high  strength  steels  | 1 1 


strength  produces  three  disltncl  ranges  c.i  toughness.  These  three  widely  sepa- 
lated  bands  apparently  tellect  the  tluee  t y pcs  oi  melting  practice  indicated  in 
big.  I.  the  gap  in  toughness  between  air-melted  steels  md  double  vacuum- 
melted  steels  (vacuum  induction  melting  (VIM)  + vacuum  arc  rcmelt  (VAR))  is 
striking,  hvidencc  is  presented  later  that  processing  practice  may  also  affect  SCC 
characteristics  to  an  important  degree. 

References  52  through  56  are  good  summaries  of  the  metallurgy,  processing, 
and  properties  of  high  strength  steels,  anif  Ref.  57  describes  the  physical  metal 
lurgy  of  alloy  steels  in  some  detail.  The  welding  of  high  strength  steels  is  sum 
tnan/cJ  in  a recent  symposium  |5K| . 


3.2  Test  Procedures 

In  this  chapter,  data  from  both  smooth  and  precrack-type  specimens  will  be 
reviewed  and  assessed.  The  stress  factor  will  be  treated  as  simple  tensile  stress 
where  smooth  specimens  arc  involved,  and  as  the  appropriate  stress  intensity 
factor  A lor  precrackcd-specimcn  data.  The  important  A valm  s are  designated 
A't<  and  Another  parameter,  A|(,  is  a lust  approximation  of  the  fracture 

toughness  parameter  A|(  of  plates  and  bars.  In  the  absence  of  valid  A)(  data. 
A 1 1 is  useful  for  comparing  with  A|„,  in  order  to  assess  the  magnitude  of 
degradation  of  crack  resistance  by  the  action  of  a corrosive  environment. 
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The  parameter  K\scc  is  the  critical  stress  intensity  factor  above  which  crack 
growth  has  been  observed  in  a given  environment  and  below  which  crack  growth 
lias  not  been  observed  within  an  aihitrary  test  time.  The  minimum  test  time 
varies  with  the  steel  but  is  generally  100  hours  for  low  alloy  steel  and  up  to  1000 
hours  for  high  alloy  steels. 


3.3  SCC  Characteristics  of  Commercial  Steels 

In  Table  2.  data  from  the  literature  are  summarized  for  smooth  specimens  of 
steels  stressed  at  70'.'!  of  the  yield  strength,  or  higher,  in  saline  environments. 
The  data  are  not  entirely  consistent  because  of  the  lack  of  standardization  of 
specimen  preparation,  variation  in  the  details  of  test  procedure  and  test  environ- 
ment, and  the  general  lack  of  reproducibility  in  smooth  specimen  tests.  Never- 
theless, the  data  show  certain  general  trends,  For  example,  based  on  time  to 
failure  it  appears  that  the  susceptibility  to  SCC  increases  with  increasing  yield 
strength.  The  literature  (12.30,48,59)  confirms  this  trend  for  a number  of 
steels  as  illustrated  in  Figs.  2,  3,  and  4.  Best  performance  at  moderate  streng'h 
level  is  shown  by  the  precipitation-hardening  stainless  stceh  (PH  I3-8Mo.  I’ll 
I4-8Mo.  I5-5PH)  and  by  the  high  alloy  martensitic  steels  (IIP  94-25.  HP 
94-30).  A bainitic  structure  in  HP  9445  steel  appears  superior  to  a martensitic 
structure,  but  this  superiority  is  not  observed  in  the  presence  of  sharp  Haws,  as 
will  be  discussed  later. 

A summary  of  available  data  on  the  K[SCI-  values  of  commercial  steel  plates  in 
water,  salt  water,  or  seawater  is  given  in  Figs.  5 ihiough  22.  In  a few  cases,  values 
in  salt  water  containing  HiS  and  HAc  are  also  presented  When  available,  the 
A'lvrr  values  of  welds  for  the  steels  are  also  given.  The  parameters  A |c  ('0  and 
A|(  (•  ■)  were  plotted  for  purposes  of  comparison,  when  such  values  could  be 
found.  The  symbol  r>  indicates  valid  A'|(.  numbers  which  were  claimed  by  the 
authors  or  were  implied  from  the  descriptions  of  the  test  procedures,  and  the 
symbol  A refers  to  other  approximate  fracture  toughness  data  For  the  values  of 
A[jc<-  shown,  specimen  siz.es  were  estimated  to  provide  plane  strain  at  the  corre- 
sponding values  of  yield  strength  (0.2%  offset  method). 

The  references  cited  for  the  various  steels  may  sometimes  reflect  a common 
source  of  data  (cither  wholly  or  in  part),  or  arc  primarily  review  papers. 

No  attempt  was  made  to  differentiate  with  regard  to  plate  thickness,  crack 
propagation  direction,  and  heat  treatment  in  plotting  the  data  in  Figs.  5 through 
22.  These  variables  are  treated  in  later  sections.  The  envelopes  drawn  around  the 
data  points  for  each  steel  indicate,  therefore,  the  rartge  of  values  of  fracture 
toughness  and  A'iscc  that  have  been  observed  for  each  type  of  steel.  The  en- 
velopes around  the  weld  data  represent  the  range  of  values  at  the  weld  center- 
lines.  Data  on  the  heat-affected  zone  (HAZ)  of  welds  are  sparse  and  for  the  most 
part  judged  unreliable. 
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'0  100  ‘000 
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Fig.  2.  Stress  corrosion  behavior  of  steels  exposed  to  marine  atmosphere  at  75%  of  the  yield 
strength  (from  Ref.  59).  From/Voc.  7th  World  Petroleum  Congress,  1967,  Mexico,  1967,  p. 
203;  copyright  by  Elsevier  Publishing  Company.  Used  by  permission. 


YIELD  STRENGTH  (K$‘> 

Fig.  3.  Results  of  bent-beam  tests  in  aerated  distilled  water.  These  specimens  were  exposed 
to  the  environment  at  stress  of  75%  of  yield  (from  Ref.  48).  From  Mater . Protect.  4 (No. 
12),  28  (1965);  copyright  by  the  National  Association  of  Corrosion  Engineers.  Used  by  per- 
mission. 
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I-'ift.  4.  Alternate  immersion  stress  corrosion  data  from 
smooth  bend  specimens  (from  Ref.  30,. 
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lug.  7.  Stress  corr<.»ion  resistance  and  fracture  tough- 
ness of  HY- 1 30  steel  weldments  [ 77,78.8 1-88 1 . 
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l ig.  9.  Stress  corrosion  resistance  and  fracture  tough- 
ness of  H- 11  steel  |2T, 62,63. 92,93| . 
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Fig.  10.  Stress  corrosion  resistance  and  fracture  tough- 
ness of  D6AC  steel  (60, 62, 63, 68, 71, 72| . 
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fig.  1 1 . Stress  corrosion  resistance  and  fracture  tough- 
ness of  HP  9-4-20  steel  and  weldments  [35,36,71.72, 
87,94-97[ . 
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Fig.  12.  Stress  corrosion  resistance  and  fracture  tough- 
ness of  HP  9-4-25  and  PH  9-4-30  steel  and  weldments 
[23,35,63,71,75,92,97-100). 
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Fig.  1 3.  Stress  corrosion  resistance  and  fracture  tou£V* 
ness  of  HP  9445  steel  (23,61-63,66,68.72.75,92,96. 
H>1). 
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Fig.  14.  Stress  corrosion  resistance  and  fracture  tough- 
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f ig.  15.  Stress  corrosion  resistance  and  fracture  tough- 
ness of  12Ni-5Cr-3Mo  maiaging  steel  (65,69,71,72,79, 
80,87,96,99,102). 
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Fig  16.  Stress  corrosion  resistance  and  fracture  tough- 
ness of  12Ni-5(r-3Mo  maiaging  steel  weldments 
J 87.99. 1 03 ] . 
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F ig  17.  Stress  corrosion  resistance  ami  fractuie  tough- 
ness of  !8Ni  mar  aging  steel  1 62, 66. 68.69.7 1 .72,75.80, 
81,87.96,100.102,104-1 15) . 
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Fig.  18-  Stress  corrosion  resistance  and  fracture  tough- 
ness of  IbNi  maraging  steel  weldments  { 100,102,110, 
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I ig.  19.  Stress  corrosion  resist- 
ance and  fracture  toughn.ss  of 
10NI-2C  r-1  M0-8C  0 steel  and 
weldments  1 8 1 .87.94,95. 99.116- 
1201 
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Pig.  21.  Stress  corrosion  resistance  and  fracture  tough- 
ness of  I.K'r-8Ni-Mo  PH  steel  (71,72.96.1211. 


YICLO  STRENGTH  U»i) 


Pig.  22.  Stress  corrosion  resistance  and  fracture  tough  no 
of  AFC-77  steel  |1 22.123) 
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In  a lew  cases  in  t igs.  5 through  22  the  effects  of  working  or  heal  treatment 
are  indicated  when  the  effects  were  obvious  and  significant.  The  effects  of  cold 
work  and  rapid  heat  treatment  on  HY-130  plate  are  indicated  in  F;ig.  6.  The 
effects  of  austorming  on  ll-l  I are  indicated  in  f ig. 9.  The  negligible  differences 
between  bainitic  and  martensitic  IIP  9-4-45  alloys  are  indicated  by  the  points  in 
f ig.  13.  finally,  the  effects  of  strain-aging  on  Af('-77  are  indicated  by  the 
separate  envelopes  m fig.  22. 

A composite  of  all  the  mvelopes  of  K\scc  values  shown  in  figs.  5 through  22 
is  shown  in  fig.  23.  A similar  plot  for  welds  is  shown  in  fig.  24. 

To  compare  the  characteristics  of  the  various  steels,  in  Figs.  25  through  41 
the  envelopes  for  individual  steels  are  superimposed  in  heavy  lines  over  the 
composite  grouping  as  background.  Where  weld  envelopes  or  points  are  available, 
these  are  shown  on  the  same  graph  as  the  individual  steel  plates.  Thus  a steel 
may  be  compared  readily  with  its  welds,  and  the  K\scc  values  of  the  steel  and  its 
welds  may  be  compared  readily  with  another  steel  and  its  welds. 

The  data  fot  the  precipitation-hardening  stainless  steels  were  generally  quite 
limited  Individual  data  points  of  fracture  toughness  and  K\scc  value  for  several 
of  these  steels  are  plotted  in  f ig.  40  Values  of  several  other  steels  for  which 
only  a few  A|tt-C  data  points  could  be  found  are  plotted  in  Fig.  41. 

The  straight  lines  in  figs.  23  through  41  show  how  A'|SIC  values  relate  to  the 
maximum  depth  of  long  surface  flaws  which  can  be  tolerated  without  crack 
growth.  Thus  lor  example  a steel  with  a 200-ksi  yield  strength  and  a A'|5rf  value 
of  40  ksi\/in.  will  u.lerate  a long  flaw  only  0.01  in.  deep  when  stressed  to  the 
yield  point  (see  fig.  23).  However,  should  it  be  possible  lo  raise  the  value  of 
k\u-  to  130  ksi  \Am.  whether  by  heat  treatment  or  substituting  another  steel 
v,ltn  a 200-ksi  yield  strength,  then  a flaw  ten  times  as  deep  (0.1  in.)  could  be 
tolerated. 

The  data  in  figs.  23  through  41  confirm  in  general  that  for  any  given  steel  the 
value  of  A.'|s<r  decreases  with  increasing  yield  strength  (see  fig.  25  for  AIS1 
4340.  Fig.  31  for  HP  9-4-25.  fig.  33  for  AISI  4130.  fig.  35  for  ISNi  maraging. 
fig.  38  lor  PH  1 3-8Mo.  and  Fig  39  for  AFC-77). 

Several  martensitic  steels  (11-1 1 in  fig.  28,  D6AC  in  Fig.  29.  HP  9-4-45  in  Fig. 
32.  and  4340V  and  300M  in  Fig.  41)  have  A|HT  characteristics  similar  to  those 
for  AISI  4340.  Other  martensitic  steels  are  superior  to  AISI  4340  at  yield 
strength  levels  below  200  ksi  (HY-130  irt  Fig.  2b,  HY-150  in  Fig.  27,  HP  94-20 
in  Fig.  30.  and  HP  94-25  in  Fig.  31).  It  would  appear  then  that  the  high  alloy 
martensitic  steels  in  Table  I are  somewhat  superior  to  the  low  alloy  martensitic 
steels  at  these  strength  levels. 
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I ig.  2J.  Composite  of  the  A'|J(  < 
envelopes  developed  in  I tgs.  5 
through  22  for  high  strength 
steels. 
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1 ig.  ?4.  Composite  of  the  K\Scc 
envelopes  for  welds  for  the  steels 
indicated. 
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l ig.  25.  Knvclope  of  A|J<( 
values  for  AISI  4 340  steel 
(heavy  lines)  compared  to 
composite  of  K envelopes 
for  the  other  steels 


l ig.  26.  Lnvelope  of 
values  for  HY-130  steel  and 
weldmcntslheavy  lines)  com- 
posite of  K\scc  envelopes  for 
the  other  steels. 
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I-ig.  29.  Envelope  of  K iKC 
values  for  1)6 AC  steel  (heavy 
lines)  compared  to  composite 
of  envelopes  for  the 

other  steels. 


l ig.  30.  Envelopes  of  A|jct 
values  of  HP  9-4-20  steel  and 
welds  (heavy  lines)  com- 
pared to  composite  to  A|jcc 
envelopes  for  the  other  steels 
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1 ig.  35.  Inve'opes  of  A isct 
values  of  l SNi  maraging  steel 
and  welds  (heavy  lines)  com- 
pared to  composite  of  A'  ^.rf 
envelopes  for  the  other  steels. 


I ig.  36.  Knvclopcs  of  A|jcc 
values  of  10Ni-2Cr-lMo-8Co 
steel  and  welds  (heavy  lines) 
compared  to  composite  of 
A | jr,.  envelopes  for  the  other 
steels. 
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I ig.  39.  I.nvelopcs  of  A.'|Jct. 
values  of  AIC-77  steel  (heavy 
lines)  compared  to  composite 
of  Aijcc  envelopes  for  the 
other  steels. 


l ip  40.  Stress  corrosion  re- 
sistance and  fracture  tough- 
ness of  some  precipitation- 
hardening stainless  steels. 
Values  are  superimposed  on 
*Ijcc  envelopes  for  other 
steels. 
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tig.  41.  Single  value  data  for  a variety  of  steels, 

superimposed  on  a collection  of  A'\scc  envelopes. 


The  steels  with  highest  A|V(<  values  appear  to  be  the  10Ni-2Cr-l  M0-8C0  steel, 
the  maraging  steels,  and  the  precipitation-hardening  stainless  steels.  These  are,  of 
course,  low  carbon  highly  alloyed  steels.  Some  of  them  have  as  yet  been  pro- 
duced primarily  for  experimental  purposes  using  only  premium  melting  stock 
and  premium  melt  practice.  Caution  is  required  in  the  use  of  the  precipitation- 
hardening  stainless  steels  for  another  reason,  for  it  has  been  shown  that  the 
corrodent  within  crevices  (where  there  is  an  oxygen  deficiency  and  low  pH)  may 
cause  crack  propagation  even  when  sharp  (laws  will  not  propagate  under  oxi- 
dizing conditions  |71 ) . 

There  are  sometimes  wide  ranges  of  Kiscc  values  which  may  be  obtained  in  a 
given  type  of  steel  for  a given  yield  strength.  For  example,  there  are  wide  ranges 
in  A'iscc  over  a narrow  yield  strength  range  for  HP  9-4-25  in  Fig.  71,  12Ni-5Cr- 
3Mo  maraging  steel  in  Fig.  34,  18Ni  maraging  steel  in  Fig.  35,  and  17-4PH  in  Fig. 
37.  These  values  reflect  all  the  variables  resulting  from  different  melting,  process- 
ing, heat  treating,  fabricating,  and  testing  procedures.  The  fact  that  the  scatter  in 
values  among  the  new  alloy  steels  is  so  great,  compared  even  to  AISI  4340,  for 
which  much  more  data  are  available,  may  indicate  that  these  steels  are  more 
sensitive  to  the  variaoles  cited.  It  is  obvious  from  Figs.  23  through  41,  certainly, 
that  there  is  no  gain  in  the  use  of  some  of  the  higher  alloy  steels  unless  they  are 
obtained  with  optimum  properties.  The  poorest  quality  high  alloy  steels  ate  no 
better  than  the  low  alloy  martensitic  steels. 
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In  some  cases  it  appears  that  the  SCC  properties  of  the  welds  match  those  of 
the  plate  fairly  well  (at  least  at  the  weld  centerline).  This  is  seen  in  Fig.  26  for 
HY-130.  Fig.  31  for  HP  9-4-25.  and  Fig.  36  for  10Ni-2Cr-lMo-8Co  alloy.  In 
other  cases  the  welds  compare  less  favorably  to  the  better  values  reported  for  the 
plate.  This  is  seen  in  Fig.  30  for  HP  9-4-20,  Fig.  34  for  12Ni-5Cr-3Mo  rnaraging 
steel,  and  to  a lesser  degree  in  Fig.  35  for  1 8Ni  rnaraging  steel. 


3.4  Effect  of  Composition 


Every  alloy  steel  is  susceptible  to  X in  a specific  environment,  and  it  is 
difficult  to  generalize  on  the  effects  of  alloying  elements  [124] . Still,  some  data 
are  available  to  show  the  effects  of  individual  alloying  elements  in  steels  exposed 
to  salt  water,  and  these  data  will  be  reviewed  here. 

One  problem  with  assessing  the  effects  of  alloying  elements  is  that  these 
alloying  elements  may  influence  the  yield  strength  of  the  alloy,  which  in  turn  is 
known  to  influence  SCC  susceptibility  markedly.  For  example,  increasing 
amounts  of  titanium  have  been  associated  with  an  increase  in  SCC  susceptibility 
in  rnaraging  steels  [124).  But  titanium  is  a hardening  element,  and  any  element 
or  process  which  increases  strength  would  be  expected  to  reduce  SCC  resistance. 
The  effects  of  silicon  and  tempering  temperature  on  the  SCC  susceptibility  of 
A1SI  4340  steel  have  been  treated  in  a similar  manner  [I25| . Most  of  the  data  in 
Figs.  5 through  41  show  general  decreases  in  SCC  with  increasing  yield  strength, 
caused  by  variations  in  composition  or  heat  treatment.  In  this  section  a review 
and  a comparison  of  the  effects  of  elements  in  steels  of  equal  or  nearly  equal 
yield  strength  are  made  to  eliminate  the  strength  variable. 

Such  studies  have  been  made  on  quenched-and-tempered  steels  similar  to 
AIS1  4340  in  their  base  composition  [126] . The  effects  of  carbon  are  shown  in 
Fig.  42.  Obviously  at  both  the  172-  and  195-ksi  yield  strength  level,  carbon  is 
detrimental  to  SCC  resistance  in  amounts  up  to  about  04  percent.  The  slightly 
improved  A|Jof  at  the  still  higher  carbon  level  (over  0.5  percent)  is  not  yet 
accounted  for. 

Manganese  is  also  detrimental  to  SCC  resistance  in  amounts  up  to  3 percent  as 
shown  in  Fig.  43.  Again,  the  effects  are  seen  at  two  yield  strength  levels.  There  is 
no  certain  explanation  for  the  jog  in  the  curve  at  the  187-ksi  yield  strength  level 
[ 1 26] . if  the  jog  is  not  an  experimental  artifact. 

Phosphorus  and  sulfur  in  the  range  of  0.003  to  about  0.03  percent  have  a 
negligible  effect  on  K\scc,  as  in  Figs.  44  and  45,  respectively.  Similar  results 
have  been  found  in  studies  of  the  effects  of  phosphorus  and  sulfur  in  amounts 
up  to  about  0.03%  in  both  bainitic  and  martensitic  HP  9-4-45  steel  1127]. 
[127], 

Chromium  up  to  about  2%,  Fig.  46,  also  has  no  effect  on  K|J(.f . The  same  is 
true  of  molybdenum  in  percentages  up  to  about  1%  (Fig.  47).  Cobalt  also  has  no 
influence  in  amounts  up  to  about  3%  (Fig.  48). 
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Pig.  42.  The  effects  of  carbon  on  the 
stress  cotrosion  cracking  of  AlSI 
4 340-type  steels  quenched  and  tem- 
pered to  either  172-  or  195-ksi  yield 
strength. 


Fig.  43.  Tie  effects  of  manganese 
on  the  stress  corrosion  cracking  re- 
sistance of  AlSI  4340-type  steels 
quenched  and  tempered  to  169- 
and  187-ksi  yield  strength. 
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l ig  44.  The  effects  of  phosphorus 
on  the  stress  corrosion  cracking  re 
sistance  of  A1SI  4340-type  steels 
quenched  and  tempered  to  185- 
and  210-ksi  yield  strength. 


f ig.  45.  Theeffects  of  sulfuron  the 
stress  corrosion  cracking  resistance 
of  AISI  4340-type  steels  quenched 
and  tempered  to  185-  and  210-ksi 
yield  strength 
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I'ig-  46.  The  effects  of  chromium 
on  the  stress  corrosion  cracking  re- 
sistance of  AISI  4340-type  steels 
quenched  and  tempered  to  182- 
and  203-ksi  yield  strength. 


I ig  47.  The  effects  of  molybdenum 
on  the  stress  corrosion  cracking  re- 
sistance of  AISI  4340-type  steels 
quenched  and  t.  .npered  to  183- 
and  206-ksi  yield  strength. 
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...  Ad  The  effects  of  cobalt  on  the  stress  corro- 
E*  48.  The  ettects  oi  c 4340-type  steels 

strength 

. aKI  4340-tvpe  steels  on  K\SCc  have  ap- 
The  effects  of  nickel  variation  m AlSl  « ^ ^ tcmpcred  pure 

patently  not  been  studied-  However  d q 3 w n [\ 26, . indicate  that 
Fe-C-Ni  alloys  with  nickel  in  amounts  ^ xhis  is  aiso  substantiated 

nickel  also  has  little  influence  (nominal  nickel  content  of 

by  the  similar  A'tscc  values  re  cot  of  9%)  at  the  same  yield  strengt  t 

) 9%)  and  HP  9445  (nominal  mckel  content  1 

'^AHeast'^one  investigation  167, 

variation  on  AlSl  4340  steels  are  ^Isoneg  tgr  ^ variation  within  each 

Two  strength  levels  were  ^^ied.  tho^  y 240.ksi  ultimate  tensile  strength 
of  ,wo  series  was  considerable  In  the  23^2  ^ ^ J16  W;  in  the  280-  to 
range  (Fig-  SO),  the  yield  strength  van  * 5 ^ yje|d  slreng,h  varied  be- 

300-ksi  ultimate  tensile  streng  ra  g ^ effects  of  up  to  about  2% 

tween  208  and  241  kst_  ,n  M»‘e  ° tUly  negligible.  The  presence  of  silicon 

silicon  on  K |SCc  could  e see  cfack  growth  rote  [67] 

in  amounts  over  1 .5%  does,  ho  ’ . and  m(;’vbJenum  have  negligible 

Other  data  eonfum  that  * to • i63  ,M. 
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Fig.  49.  The  effects  of  nickel  on  the  stress  corrosion  cracking 
resistance  of  0.3%  C steel  quenched  and  tempered  to  about 
195-ksi  yield  strength. 


Fig.  50.  Effect  of  silicon  on  threshold 
stress  intensity  Klscc  093-  to  216-ksi 
yield  strength  range)  (from  Ref.  67). 
From  Corrosion  25  (No.  10),  423-431 
(1965);  copyright  by  the  National  As- 
sociation of  Corrosion  Engineers.  Used 
by  permission. 


Data  on  the  effects  of  the  variation  of  the  elements  nickel,  chromium,  molyb- 
denum, vanadium,  manganese,  aluminum,  and  nitrogen  in  HY-150  type  steels 
show  only  chromium  to  have  a greeter  effect  on  K |JCC  than  on  K |f  [89-91) . 

Efforts  to  enhance  the  SCC  resistance  of  18Ni  (300  grade)  maraging  steels  by 
improving  the  purity  (controlling  sulfur,  phosphorus,  carbon,  silicon,  nitrogen, 
oxygen,  chromium,  and  manganese  to  low  levels)  have  been  unrewarding;  AT|icc 
remains  the  same  as  in  the  less  pure  commercial  alloy  (67,107,112,114). 
Furthermore,  the  deliberate  addition  of  impuiities  (additions  of  about  0.03S, 
0.03P,  0.06C,  0.24Cr,  or  0.1 5Si  plus  0.1 4Mn)  beyond  normal  amounts  found  in 
commercial  !8Ni-300  maraging  steel  produces  essentially  no  effect  on  Kucc 
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rig.  SI.  Effect  of  silicon  on  threshold  stress  intensity  K\scc  (202  to  241-ksi  yield  strength 
range)  (from  Ref.  67).  From  Corrosion  25  (No.  10),  423-431  (1965);  copyright  by  the  Na- 
tional Association  of  Corrosion  Engineers.  Used  by  permission. 

| M2]  Similar  studies  on  the  effects  of  impurities  in  18Ni  maraging  steels  of 
lower  yield  strength  have  apparently  not  been  conducted. 

In  martensitic  precipitation-hardening  stainless  steel  it  appears  that  there  is 
some  increase  in  K\scc  value  as  the  nickel  content  is  increased  and  the  chromium 
content  is  decreased.  From  an  SCC  standpoint,  the  use  of  aluminum  and  perhaps 
molybdenum  as  hardeners  appears  preferable  to  the  use  of  titanium.  Admittedly, 
however,  such  composition  effects  are  difficult  to  interpret  by  comparing  sepa- 
rate studies  because  of  other  variations  between  the  steels  studied,  such  as  dif- 
ferences in  section  size  and  orientation  [121]. 

It  seems  clear  therefore  that  even  substantial  variations  in  the  base  composi- 
tion, the  presence  of  impurities,  and  the  presence  of  alloying  elements  do  not 
influence  A|JCf  markedly  in  most  cases.  Only  carbon  and  manganese  in  AIS1 
4340  steel,  and  perhaps  chromium  in  HY-150  steel,  appear  to  influence  Aijrf 
values  significantly.  Control  ovci  fluctuations  in  the  base  composition,  reducing 
the  levels  of  impurities,  or  adding  alloying  elements,  therefore,  do  not  appear  to 
promise  an  easy  road  to  improving  the  st.ess  corrosion  resistance  of  steels. 
Nevertheless  the  idatively  favorable  stress  corrosion  properties  of  the  lONi- 
2Mo-lCr-8Co  steel  is  probably  attributable  to  an  unidentified  combination  of 
some  or  all  of  these  ractors, 

The  above  discussion  concerns  only  the  threshold  value.  K |JCC.  At  stress 
intensity  levels  higher  than  K iIcf , composition  may  influence  crack  growth  rate 
considerably  [63.67, 1 1 2 J . The  reader  is  also  cautioned  again  that  chromium- 
bearing  steels  such  as  the  stainless  steels  may  develop  acid  conditions  within 
crevices  (stagnant  conditions)  and  that  K jJ£T  values  are  then  lowered  compared 
to  those  in  aerated  solutions  [126,129] . 

It  should  be  emphasized  that  studies  of  the  effect  of  composition  on  SCC 
have  been  conducted  varying  only  one  element  at  a time.  It  is  entirely  possible 
that  interaction  effects  between  two  or  more  elements  may  give  rise  to  SCC 
effects  not  disclosed  by  varying  only  one  element  at  a time.  Indeed,  except  for 
the  effects  of  carbon  and  manganese,  only  such  possible  interactions  and  the 
effects  of  melting  practice  (discussed  below)  can  account  for  the  wide  range  of 
SCC  behavior  shown  in  Figs.  5 through  22. 
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■VS  Effect  of  Melting  Practice 

Evidence  was  cited  earlier  that  the  toughness  of  steels  in  the  1 SO-  to  200-ksi 
yield  strength  range  is  influenced  by  melting  practice  [1,81]  (Fig.  1).  Similar 
effects  are  seen  with  respect  to  the  threshold  value  Aiscf  for  SCC,  but  the  data 
are  limited.  As  indicated  in  Fig.  52,  AIS1  4340  steel  which  has  been  vacuum- 
degassed  during  melting  appears  to  resist  crack  propagation  in  moist  air  better 
than  air-melted  A1SI  4340.  The  silicon-modified  300M  steel  (VAR)  is  relatively 
also  resistant  to  cracking  in  moist  air,  as  indicated  in  Table  3.  The  difference  in 
A'|scc  values  between  the  air-melted  and  vacuum-melted  A1S1  4340-type  steel 
and  vacuum-melted  300M  steel  was  attributed  to  a lower  impurity  level,  particu- 
larly the  levels  of  sulfur  and  phosphorus  [67].  As  indicated  in  the  previous 
section,  however,  and  in  Ref.  126,  it  now  appears  unlikely  that  sulfur  and 
phosphorus  have  much  influence  on  K\scc , at  least  when  varied  singly. 

Vacuum-induction  melting  (VIM)  of  !2Ni-5Cr-3Mo  maraging  steel  apparently 
improves  K iS(.(.  markedly  (from  40  to  108  ksi  \An.  ) as  shown  in  Table  3. 

With  respect  to  the  1 8Ni  maraging  steels  it  appears  that  VIM  produces  a slight 
increase  in  the  A|ICC  values  of  1 8Ni- 1 80  and  18Ni-250  maraging  steel,  as  in 
Table  3,  but  the  improvement  is  too  small  to  justify  vacuum  melting  for  this 
purpose  only.  The  previous  section  included  !8Ni-300  grade  steel,  and  no  im- 
provement in  K\scc  of  consequence  was  obtained  by  using  especially  pure  raw 
materials  or  by  VIM  + VAR  melting  practice  for  steel  of  this  grade  and  strength 
level  [107,108,1 12,1 14] . 

In  one  case,  vacuum  melting  appeared  to  diminish  the  value  of  K\scc , as  in 
Table  3 for  the  15-5  PH  (H-900)  alloy.  This  possibly  could  reflect  a difference  in 
billet  si/e  [1 21). 

Only  the  12Ni-5Cr-3Mo  and  18Ni  maraging  steels  have  been  made  by  all  three 
of  the  processes  (air  melting,  VAR,  and  VIM  + VAR)  indicated  in  Fig.  1.  This 
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Fig.  52.  Commercial  alloy  4340  tested  in  909b  relative  humidity  air  (from  Ref.  67).  From 
Corrosion  25  (No.  10),  423-431  (1965);  copyright  by  the  National  Association  of  Corroooii 
Engineers.  Used  hy  permission. 
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Table  3.  Effects  of  Melting  Practice  on  Susceptibility  of  SCC* 
Air  Melting  Vacuum  Melting 


Steel 

Yield 

Strength, 

ksi 

Stress  Intensity 

Yield 

Strength, 

ksi 

Stress  Intensity 

AT,f 

KU 

SCC 

*1  c 

A'ijc 

K ( see 

Process 

AISI  4340  (moist 
air) 

212 

63 

- 

2S 

- 

- 

- 

- 

300M  (moist  air) 

- 

- 

- 

- 

250 

63.5 

- 

*60 

CEVR 

1 2Ni-5Cr-3Mo 
Maraging 

176 

130 

40 

183 

- 

169 

108 

VIM 

1 8Ni-l  80  Maraging 

178 

- 

118 

108 

175 

- 

142 

120 

VIM 

!8Ni-250  Maraging 

250 

73 

- 

13 

247 

Ill 

22 

VIM 

I5-5PH  (11900) 

176 

*97 

80 

- 

- 

*75 

56 

Vacuum 

Melting 

15-5-PH  <H  1000) 

158 

*114 

*114 

. 

*120 

*120 

Vacuum 

Melting 

•Ref.  1,67,68,81,102,107,108,121. 


spectrum  of  melting  practice  may  account  in  part  for  the  large  scatter  in  K\scc 
values  reported  for  these  steels  (see  Figs.  15  and  17).  The  more  limited  and 
generally  higher  range  of  K\scc  values  for  10Ni-2Cr-lMo-8Co  steel  (see  Fig.  19) 
may  in  part  reflect  the  fact  that  this  steel  has  been  produced  only  by  premium 
melting  practice. 

The  benefits  of  premium  meifing  practice  on  Af|JCC  values  seem  to  be  most 
apparent  in  the  180-  to  210-ksi  yield  strength  range.  As  the  strength  increases, 
the  effects  of  melting  practice  diminish,  and  all  the  steels  tend  to  show  low 
values  of  fracture  toughness  and  K|„.c.  Thus  the  high  strength  of  the  18Ni-300 
maraging  steel  may  at  this  time  thwart  efforts  to  raise  K\scc  values  appreciably 
by  improved  melting  practice  (as  above),  whereas  further  efforts  to  optimize 
melting  practice  could  possibly  improve  markedly  the  lower  strength  maraging 
steels. 

Different  welding  processes  ate  analogous  to  different  melting  processes,  but 
only  data  on  HY- 1 30/ 150  appears  to  offer  the  basis  of  any  comparison  of  the 
relative  merits  of  various  welding  processes.  These  data  show  increasing  merit 
with  the  SMA,  the  CM  A,  and  GTA  processes,  respectively  [78,82,83,85,86, 
88] . A variety  of  welding  electrodes  has  been  studied  but  with  only  modest 
differences  in  K|Jcf  value  being  observed  [85 1 . 
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3.6  Effect  of  Heat  Treatment  and  Microstr  jcture 

The  tempering  and  aging  of  steels  influence  the  strength  of  the  steels,  so  that 
it  is  again  difficult  to  isolate  the  effects  of  structural  changes  from  purely 
strength  effects.  Reviews  of  the  early  data,  mostly  on  smooth  specimens,  show 
that  the  general  trend  is  for  SCC  resistance  to  increase  with  higher  tempering  and 
aging  temperatures  [124,125,130] . There  are  sometimes  intermediate  temper- 
ing or  aging  temperatures,  however,  which  produce  maximum  susceptibility  [20, 
124], 

The  effects  of  tempering  temperatures  on  AISI  4340  are  obviously  related  to 
the  resulting  yield  strength  [69,71] . It  has  been  suggested  that  the  improvement 
with  increasing  tempering  temperature  results  from  progressively  less  e carbide 
and  more  cementite  in  the  microstructure  [125],  but  this  suggestion  has  not 
been  supported  generally  [104],  The  distribution  of  carbides  is  also  important 
[60,131 1,  with  a uniform  distribution  of  spheroidal  carbide  being  the  best 
condition.  Untempered  martensite  is  highly  detrimental  to  SCC  resistance 
[131], 

Since  SCC  in  high  strength  steels  is  generally  intergranular,  it  is  obvious  that 
the  compositional  variations  and  solid  state  reactions  which  take  place  at  bound- 
aries may  be  important.  Martensite  plate  boundaries  and  transformation  twins 
arc  known  to  be  favorable  nucleation  sites  for  carbide  precipitation  [63]  and 
hence  may  also  provide  preferential  and  easy  paths  for  crack  propagation.  The 
absence  of  transformation  twins  has  been  held  as  one  reason  for  the  superior 
SCC  resistance  of  the  18Ni  maraging  and  10Ni-2Cr-lMo-8Co  steels  compared  to 
martensitic  HP  9-4-45  [92] . Still,  the  10Ni-2Cr-!Mo-8Co  steel  is  hypereutectoid, 
and  carbide  apparently  precipitates  during  the  quench  in  thick  plates,  probably 
at  the  austenitic  grain  boundaries  [116]. 

Futhermore,  the  threshold  Kiscc  values  of  the  HP  9-4-45  alloy  are  about  the 
same  at  the  same  yield  strength  level  whether  the  steel  is  in  the  martensitic  or 
bainitic  condition  [68]  (Fig.  13),  though  only  the  martensitic  structure  is 
twinned.  It  has  been  demonstrated,  however,  that  the  fracture  toughness  is  supe- 
rior, and  the  rate  of  crack  propagation  above  K |JCC  is  lower  for  bainitic  HP 
9-445  compared  to  martensitic  HP  9445.  This  has  been  attributed  to  the  ab- 
sence of  both  transformation  twins  and  preferential  carbide  precipitation  on 
platelet  boundaries  in  the  bainitic  structure  [63,132]. 

A martensitic  stainless  steel,  AFC-77,  shows  the  usual  decline  in  K)lcc.  value 
with  increasing  yield  strength  [123],  as  indicated  in  Fig.  53.  In  this  precipita- 
tion-hardening alloy,  strength  increases  with  increasing  tempering  temperature 
up  to  about  1000°F.  The  K\,cc  values  of  the  precipitation-hardening  stainless 
steels  are  quite  normally  related  to  the  yield  strength  produced  in  aging,  as  in 
Figs.  38,  39,  and  41. 

Overaging  generally  produces  higher  values  of  Ai,cc  in  both  the  semi- 
austenitic  and  martensitic  precipitation-hardening  stainless  steels  [121].  How- 
ever an  additional  aging  treatment  (30  hr  at  1000°F)  on  12Ni-5Cr-3Mo  steel 
lowers  SCC  resistance  considerably  [133] , as  shown  in  Fig.  54.  It  appears  that 
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Fig.  S3.  Effect  of  yield  strength  on  the  K\kc 
value  of  AFC-77  steel  (from  Ref.  123). 


Fig.  54.  Stress  corrosion  behavior  of  12Ni-5Cr-3Mo  steel  in  3%  NaCI 
solution  (from  Ref.  1 33).  From  Proceedings  of  Conference  on  Fun- 
damental Aspect i of  Stress  Corrosion  Oacktng,  1969,  pp.  411-419; 
copyright  by  the  National  Association  of  Corrosion  Engineers.  Used 
by  permission. 
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the  additional  aging  causes  corrosion  potential  to  a region  where  SCC  resistance 
is  low.  A change  in  potential  might  restore  the  original  SCC  resistance  value,  as 
implied  in  Fig.  55. 

A variety  of  annealing  and  aging  treatments  in  !8Ni-300  maraging  steel  pro- 
duces no  significant  change  in  Kiscc  value  provided  the  same  yield  strength  is 
reached  1111,115).  Again,  the  rates  of  crack  propagation  at  stress  intensity 
levels  higher  than  A|JCC  can  vary  markedly,  generally  increasing  with  lower  aging 
temperatures  [11 5] . Aging  at  900°F  produces  a slight  improvement  in  the  K\,cc 
value  of  l8Ni-350  maraging  steel  compared  with  aging  at  800°F  [66] . 

The  above  seems  to  show  that  precipitation  and  aging  reactions  influence  the 
threshold  Kiscc  value  primarily  by  affecting  strength.  The  type,  composition, 
location,  and  amount  of  precipitate  have  a second-order  influence  on  K |JCC , but 
may  affect  the  rate  of  crack  propagation  above  K\SCc  considerably. 

Although  stress  corrosion  cracks  generally  progress  intergranularly,  there  are 
no  large  effects  of  grain  size  on  K\SCc  in  AISI  4340  steel,  but  crack  growth  rates 
decrease  with  decreasing  grain  size  [73,134[.  An  increase  in  ASTM  grain  size 
number  from  7 to  12  increased  the  yield  strength  from  245  to  265  ksi.but  the 
Kiscc  value  remained  at  14  to  16  ksi  \/in7 

Austenitization  treatments  on  !8Ni-300  grade  maraging  steel  to  produce  aus- 
tenitic grain  size  varying  between  ASTM  No.  9 and  No.  0 had  little  effect  on 
Kiscc  However  the  rate  of  crack  growth  decreased  with  decreasing  grain  size.  All 
the  steels  in  this  study  were  treated  to  about  the  same  yield  strength  [ 1 1 1 [ . 


Fig.  55,  Effect  of  (impressed)  potential  on  time  to  failure  of  1 2Ni-5Cr-3Mo  steel  in  3%  NiCI 
solution  (applied  stress  as  shown)  (from  Ref.  133).  From  Proceedings  of  Conference  on  Fun- 
damental Aspects  of  Stress Corrosior  Cracking,  1969,pp.411-419;copyright  by  the  National 
Association  of  Corrosion  Engineers  Used  by  permission. 
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Decreasing  grain  size  (from  6Qpm  to  2.3pm)  in  AFC-77  steel  by  a special 
thernronicchanical  treatment  is  reported  to  increase  the  value  of  A'(JCC.,  as  shown 
in  Fig.  56.  Corresponding  increases  in  yield  strength  from  about  155  to  200  ksi 
occur  with  a 50(fF  temper,  and  from  175  to  235  ksi  with  a 1000°F  temper. 
Thus  an  improvement  in  both  and  yield  strength  is  achieved.  The  particu- 
lar method  used  to  achieve  fine  grains  involves  deformation  of  the  steel  in  the 
martensitic  condition  prior  to  subsequent  austenitization  treatment. 

Retained  austenite  appears  to  raise  the  level  of  A|JCC  in  AFC-77  steel  1123), 
as  in  Fig.  57.  The  effects  appear  to  override  any  changes  in  yield  strength. 

Reverted  austenite  in  !8Ni-300  grade  maraging  steel  does  not  appear  to  in- 
fluence the  K[SCC  value  greatly  jl  11,1  IS)  if  the  strength  is  kept  constant 
[111],  The  crack  growth  rate  at  stress  intensities  above  K\scc  becomes  slower 
with  increasing  amounts  of  reverted  austenite. 


3.7  Effect  of  Deformation 


Based  on  experiments  with  smooth  specimens,  cold  work  before  aging  was 
concluded  to  improve  the  SCC  resistance  of  18Ni  maraging  steel  [48]  (see 
Fig.  3). 

Plastic  straining  up  to  5%  in  tension  apparently  reduces  the  K\scc  valu*  of 
MY- 130  steel  only  moderately  (from  138  to  105  ksi  Vm-  ) while  increasing  the 
yield  strength  from  137  to  158  ksi  [79j.  Plastic  straining  12Ni-5Cr-3Mo  up  to 
3%  in  tension  not  only  increased  the  yield  strength  (from  172  to  189  ksi).  but 


i hr  AUSTf  NmZMG  AT  lQOO*F 
2 ♦ 2 HR  TEMPER 


l?  lOO 


?;- 

P K,„t 


Ko^- 


coarse  grain 


(0  io  too  10  10  oo 

APPARtNT  CRACK  GROWTH  RATE 
(IN  m 10  VnR) 

(o)  500*F  TEMPER 


50 

GRAM 

COARSE  CRAM 

40 1 

15  1 

' 

§ *; 

K|C 

* 20j 

3— — *l*cc 

□ 

y — — Kl*et A- 

— i l _] 

0 r0l  10  K>  too  ( 

5 0»  10  10  OO 

APPARENT  CRACK  GROWTH  RATE 

IM  «K>'5/HR! 

(b)  10 OO'F  TEMPER 


Fig.  56.  Effect  of  grain  size  on  AFC  77 
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solution  (from  Ref.  1221. 
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Fig.  57.  Variation  of  of  AFC-77 
steel  with  tempering  temperature  as  a 
function  of  retained  austenite  content 
(from  Ref.  123). 


also  appears  to  have  raised  the  value  of  K\scc  (from  38  to  50  ksi  \An.  ).  These  are 
moderate  changes  but  -re  not  believed  to  reflect  changes  in  the  state  of  residual 
stress,  which  is  always  a consideration  in  interpreting  the  effects  of  cold  work  on 
SCC,  particularly  in  smooth-specimen  tests. 

Ausforming  produces  considerable  improvement  in  the  SCC  resistance  (A'iSCr 
value)  of  H-ll  steel  [93)  (Fig.  9).  An  increase  in  the  A|JCC  value  of  HP  9-4-20 
steel  (along  with  an  increase  in  yield  strength  from  191  to  221  ksi)  has  also  been 
achieved  by  ausforming  (135],  These  rather  short-time  tests  need  to  be  ex- 
tended, but  the  results  appear  to  be  promising,  as  in  Fig.  58. 

Similar  improvement  in  resistance  to  SCC  by  ausforming  has  been  shown  in 
smooth-specimen  tests  of  quenched  anu  tempered  D6AC  steel  [136] . 

One  investigation  of  the  effects  of  explosion  forming  has  been  conducted  on 
high  strength  steel,  using  smooth  specimens  tested  in  tension  (bending)  at  80 
percent  of  the  yield  strength  J 1 37 j . Apparently  12Ni-5Cr-3Mo  maraging,  HP 
94-25,  and  18Ni  maraging  steels  are  not  much  affected  by  explosion  forming. 
D6AC  steel  becomes  more  susceptible  after  the  explosion  forming,  but  data 
suggest  that  the  effects  are  not  great.  A recent  review  has  been  published  cover- 
ing the  effects  of  explosive  forming  on  metals,  including  effects  on  SCC  1 138) . 

The  strength  of  AFC-77  m»y  ue  increased  by  a strain  aging  without  lowering 
the  threshold  K|Iff  value  [123] , as  shown  in  Fig.  59  (see  also  Fig.  39).  In  this 
process  the  steel  is  austenitized  at  2000°F  and  tempered  at  500°F  prior  to 
straining  by  cold  rolling  10  to  20  percent  and  finally  aging  at  700°F  or  1000°F. 
The  effects  of  grain  size,  retained  austenite,  and  strain  aging  of  AFC-77  are 
compared  in  Fig.  60. 

An  illustration  of  the  effect  of  rolling  direction  in  plates  of  several  alloy  steels 
on  SCC  is  given  in  Table  4 [71,1 14] . The  differences  in  K\scc  between  different 
heats  of  the  same  type  of  steel  obviously  are  greater  than  the  differences  in 
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Fig.  58.  Precrack  cantilever  stress  corrosion  results  for  ausformed  and  conven- 
tionally heat  treated  H-U.  Corrodent,  3.59!  NaCl  solution  (from  Ref.  93). 
From  Metals  Eng.  Quart.  8 (No.  4),  2;  copyright  1968  by  American  Society 
for  Metals.  Used  by  permission. 
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Fig.  59.  Variation  in  AIc'  AIicc’  and  At)6  of 
AFC-77  steel  as  a function  of  strength  for 
conventionally  treated  and  strain-aged  ma- 
terial (from  Ref.  123).  K\h  is  an  estimate  of 
fracture  toughness  based  on  the  terminal 
purely  mechanical  fracture  in  a stress  corro- 
sion test. 


A" iicc  values  caused  by  a change  in  the  direction  of  crack  propagation  with 
respect  to  the  rolling  direction  in  any  one  plate. 

Studies  of  HY-130  weldments  have  shown  that  the  value  of  K |jrc  is  not 
drastically  changed  whether  the  notch  axis  is  perpendicular  or  parallel  to  the 
plate  surface  (84] . 

It  is  not  concluded  here  that  directionality  is  of  little  importance,  but  the 
little  experience  available  appears  to  suggest  that  this  will  not  be  a serious 
problem  area  in  modern  steels. 
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Table  4.  ITTccis  of  Direction  on  the  Value 
of  in  Several  Steels 


Steel 

Stress  Intensity,  Ki scc, 
ksi  \JIn. 

RT 

WT 

WR 

RW 

9Ni-4Co-0.2C 

1 15 

104 

I8N1-I8O 

125 

145 

1 2Ni-SCr-3Mo 

- 

19 

19 

25 

1 2Ni-SCr-3Mo 

70 

60 

- 

1 2Ni-5Cr-3Mo 

105 

103 

4340(200  Yield  Strength) 

- 

- 

1 1 

10 

18Ni-300 

7 

7 

BO-- 


Oo)  - 

4- 


i/> 


ULTIMATE  TENSILE  STRENGTH  (KSI) 


1 ig.  60.  Effects  of  grain  size,  retained  austenite,  and  strain 
aging  on  the  K\scc  value  and  strength  of  AFC-77  steel. 
Similar  data  on  other  steels  arc  included  for  comparison 
(from  Ref.  138). 
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3.8  Effect  of  Electrochemical  Potential 

it  has  long  been  considered  that  electrochemical  potential  can  have  an  im- 
portant influence  on  the  susceptibility  of  steels  to  SCC.  But  much  of  the  basis 
for  this  belief  is  work  that  has  been  done  on  smooth  specimens,  or  on  pre- 
crackcd  specimens  with  an  inadequate  test  time.  Such  data  reflect  initiation  time 
and  crack  growth  rate  effects  rather  th  - 1 defining  clearly  a threshold  value. 

What  is  essential  to  know  is  the  effect  if  any  of  potential  on  the/f|J(rf  value 
of  a particular  steel.  Once  these  effects  are  known  the  effects  on  crack  growth 
rate  may  be  considered  for  stress  intensities  exceeding  AC|Jfc-. 

On  AISI  4340  steel,  the  value  of  K\scc  is  essentially  invariant  with  (im- 
pressed) potential  over  the  yield  strength  range  of  125  to  220  k'.i  (Fig.  61 ).  The 
rate  of  crack  growth  at  stress  intensity  levels  just  above  K\scc,  however,  is  highly 
sensitive  to  both  cathodic  and  anodic  potential,  as  shown  qualitatively  in  Fig.  62 
[140j.  This  measure  of  crack  growth  rate  for  the  AISI  4340  steels  reaches  a 
minimum  at  about  0.8  V (Ag/AgCI).  Severe!  other  steels  (HP  9-4-20,  I 2Ni-5C. 
3Mo  maraging  steel,  and  17-4  PH)  behave  similarly  with  respect  to  crack  growth 
rate  as  a function  of  potential. 

A minimum  rate  of  crack  growth  as  a function  of  potential,  similar  to  that  in 
Fig.  62,  has  been  reported  for  the  following  steels:  D6AC  [63],  HP  9-4-45  [61, 
63],  H-l  I [69],  HP  9-4-20  (Fig.  63),  l2Ni-5Cr-3Mo  maraging  [65.133],  and 
18Ni-200  maraging  [69,141], 

It  is  rare  to  find  threshold  K values  as  a function  of  potential,  but  the  data  on 
AISI  4340  (Fig.  61)  indicate  that  the  effects  of  potential  are  small.  There  is  a 
lowering  of  the  K\scc  value  of  HY-130  upon  cathodic  polarisation  to  - 1.2  V 
[78,80]  but  to  an  extent  not  considered  serious  [35],  12Ni-5Cr-3Mo  maraging 
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Fig.  61.  Effect  of  (impressed)  potential  on  cracking 
threshold  stress  intensity  of  AISI  4340  steel. 
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steel  is  similarly  allotted  by  an  impressed  cathodic  potential  )x0,13.s(.  Data  on 
IHNi  maraging  steel  are  conflicting  |69 ,1 00,1 1 1 .14 1 ) , but  the  most  reliable 
data  indicate  that  18Ni-300  grade  is  insensitive  to  (impressed)  potential  insofar 
as  A.  |s<  ( is  concerned  j 1 1 1 | The  data  on  HP  9-4-25  and  17-4  PH  are  meager 
1 100)  and  based  on  short  time  tests,  but  indicate  that  K\SCc  may  be  lowered  by 
coupling  the  two  steels  to  zinc.  The  data  of  Fig.  63  indicate  that  the  K\scc  value 
of  HP  9-4-20  drops  from  100  to  at  least  60  ksi  s/m.  upon  coupling  to  zinc.  There 
have  been  other  fragmentary  indications  that  “cathodic  protection"  reduces  the 
threshold  K for  a number  of  precipitation-hardening  stainless  steels.  The  lONi- 
2Cr-IMo-8Co  steel  definitely  appears  to  show  an  effect  of  potential  on  A.'|SCC 
value  j 1 1 8 j ; Although  the  K\scc  value  of  the  steel  is  reported  as  160  to  170 
ksi\/iri".,  cracks  will  propagate  at  a stress  intensity  as  low  as  96  ksi-y/im  if  the 
steel  is  polarized  to  sufficient  anodic  or  cathodic  potentials,  as  shown  in  Fig.  64. 
The  favorable  position  of  this  steel  on  the  K \scc  vs  yield  strength  diagram,  Fig. 
36,  may  result  in  part  because  of  its  favorable  corrosion  potential. 

In  general  it  appears  that  SCC  kinetics  for  all  steels  are  at  a minimum  at  a 
potential  of  about  -0.6  to  about  -0.9  V (SCt),  but  that  cathodic  polarization 
docs  not  raise  K\ICC  and  may  in  fact  lower  it.  Cathodic  protection  is  therefore 
not  an  attractive  general  solution  to  the  SCC  problem,  but  this  technique  is  quite 
able  to  prevent  corrosion  pitting  and  might  therefore  be  somewhat  attractive  for 
preventing  the  initiation  of  SCC. 


3.9  Effect  of  pH 

The  effects  of  the  pH  of  the  aqueous  environment  on  the  SCC  susceptibility 
of  smooth  specimens  foi  normal  steels  have  been  reviewed  1 104,1  74,1  33,142. 


t ig.  64.  Crack  growth  rate  as  a 
function  of  (impressed)  potential 
for  IONi-2Cr-lMo-8Co  steel  in  y ST 
NaCl  (from  Ref.  118). 
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I43|.  Generally.  highly  acid  conditions  promote  cracking,  and  highly  basic 
conditions  reduce  or  even  prevent  cracking  (by  preventing  pitting).  But  over  a 
wide  range  of  intermediate  value  of  pll  (about  3 to  10),  there  is  no  great  change 
in  susceptibility  to  SCC. 

On  precracked  specimens,  a distinction  must  once  again  be  made  between 
effects  on  the  value  of  kiscc  and  effects  on  crack  growth  kinetics.  With  respect 
,1  to  effects  of  the  same  general  trends  appear  to  obtain  as  with  smooth- 

specimen  data.  For  example,  the  variation  of  the  solution  pH  between  I and  9 
appears  to  have  little  effect  on  the  A|Sfc  value  of  the  martensitic  steel  Kn  30  B 
(4.25Ni:('r:Mo  steel)  [144).  At  lower  values  of  pH.  Ajst.c  is  lowered;  at  higher 
values  of  pH,  A|sct  is  raised.  Changes  in  pH  between  1 .7  and  1 1 have  little  effect 
on  the  K |S(X  values  of  1 8Ni-300  maraging  steel  [111).  However,  a pH  value  of 
1 3.6  stops  SCC  completely  [ 1 1 1 1 . 

It  appears,  therefore,  that  except  with  extreme  acidic  or  basic  excursions, 
A’|Iff  values  are  not  very  sensitive  to  pH.  Crack  giowth  rates  or  time-to-failure 
values  may  be  influenced,  as  for  example,  in  the  1 2Ni-5Cr-3Mo  steel  [ 1 29  j 

The  reason  that  SCC  proceeds  over  a range  of  bulk  solution  pH  values  app-  ars 
* to  be  that  the  solution  chemistry  within  the  growing  stress  corrosion  crack  is  not 

■'  influenced  readily  by  changes  in  the  pH  of  the  bulk  solution.  Recent  measure- 

ments on  a variety  of  steels  of  the  martensitic,  maraging,  and  precipitation- 
hardening  stainless  types  indicate  that  near  the  crack  tips  of  freely  corroding 
1 specimens  the  pH  value  is  invariably  3.6  to  3.8  [ 145-147) , and  that  this  is  the 

case  over  a range  of  bulk  pH  values  [1 47) . The  pH  at  the  crack  tip  is  influenced 
by  applied  anodic  or  cathodic  polarization  potential  [147] ; however,  there  need 
not  he  a change  in  the  mechanism  of  crack  growth.  This  will  be  discussed  further 
m Section  3.1 2. 


3.10  Other  Environmental  Matters 

Environments  other  than  water  or  salt  water  can  cause  stress  corrosion  in  high 
strength  steels,  and  in  fact  the  identification  and  study  of  critical  species  in 
different  environments  is  an  area  which  has  been  neglected  [148.149  j . 

Generally,  high  strength  steels  are  subject  to  SCC  in  chloride  solutions, 
marine  atmospheres,  solutions  containing  HjS  and  acetic  acid,  and  in  some  cases 
in  solutions  containing  SO4 ",  PO4  , or  NO3”  ions  [29,65,130.142.150-152) . 
Certain  cathodic  poisons  are  known  to  promote  cracking;  these  arc  phosphorus, 
arsenic,  antimony,  sulfur,  selenium,  technetium,  and  (CN  ~)  ion  [65,104.153). 
The  poisons  arc  thought  to  restrict  the  recombination  of  atomic  hydrogen  into 
molecular  form. 

Organics  and  nonelectrolytes  can  cause  SCC  in  some  steels  |29,76,150, 
154).  Likewise  some  liquid  metals  [45. 1 55 1 . but  liquid  metal  embrittlement 
will  not  be  treated  here. 

With  respect  to  specific  alloys,  it  appears  that  the  A'|JC(.  value  of  AIS1  4340 
steel  at  the  200-ksi  yield  strength  level  is  nearly  the  same  whether  the  environ- 
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tnenl  be  distilled  water,  1 ..VV  Nan,  or  IN  NaCI  [61 ).  Similarly,  the  A|Jtc  value 
of  AISI  4340  with  a 250-ksi  yield  strength  is  the  some  in  distilled  water  as  in 
water  with  2 or  4%  NaCI  [76].  (At  250-ksi  yield  strength,  the  value  of  A[S(C 
would  be  quite  low  and  insensitive  to  a number  of  variables.)  K |Jcf  values  for 
the  SCC  of  AISI  4340  in  flowing  seawater  are  similar  to  the  values  obtained 
using  distilled  water  containing  3.5%  NaCI,  as  in  Fig.  65.  Small  differences 
between  the  effects  of  flowing  seawater  (worst)  and  laboratory  salt  water  have 
been  reported  for  HY-130,  12Ni-5Cr-3Mo  maraging,  and  l8Ni  maraging  steel 
[«0|  ■ 

In  a solution  of  3.5%  NaCI  and  0.5%  HAc  saturated  with  H2S,  the  Af|Ifc 
values  of  AISI  4340  with  187  to  228-ksi  yield  strength  are  low,  and  fall  near  the 
lower  bound  of  the  AISI  4340  envelope  (see  Figs.  5 and  25  and  Ref.  65). 

AISI  4340  is  susceptible  to  SCC  in  methanol,  with  the  AT values  inter- 
mediate between  K\x  and  K-iSCC  in  3.5%  NaCI  solution,  as  in  Fig.  66.  Similar 


1 


Fig.  65.  Effects  of  quiescent  distilled  water 
containing  3Vi%  Natl  and  flowing  sea- 
water on  the  threshold  stress  intensity 
parameter  for  stress  corrosion  cracking  of 
AISI  4340  steel  in  the  125-ksi  to  220-ksi 
range  of  yield  strength  1 1 56 1 . 
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Fig.  66.  Comparison  of  the  value"  of  K\kc  in  methanol  and  in  salt 
water  for  AISI  4340  steel. 
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effects  on  A'|Jff  have  been  observed  with  butyl  alcohol  and  acetone  |76j.  In 
anothei  investigation  utilizing  notched  tensile  specimens,  A1SI  4340  was  ob- 
served to  be  susceptible  to  SCC  in  CCI4  [ 1 57 1 . 

AIS1  4140  at  the  187-ksi  yield  strength  level  is  susceptible  to  SCC  in  a 
solution  of  3.5%  NaCI  and  0.5%  HAc  saturated  with  HiS,  with  a K\scc  value 
somewhat  lower  than  the  K{scc  values  of  AISI  4130  in  salt  water  [65]  (see 
Fig.  14),  though  it  is  not  known  whether  the  difference  is  due  to  the  steels  or 
to  the  environment.  The  12Ni-5Cr-3Mo  maraging  steel  at  187-ksi  yield  strength 
is  susceptible  in  this  acid  chloride-sulfide  environment,  the  value  of  K[scc  falling 
within  the  lower  region  of  the  envelope  in  Fig.  15. 

There  is  no  change  in  the  A']Jff  value  for  martensitic  HP  9-4-45  steel  as  the 
environment  is  changed  from  distilled  water  to  1.5^  NaCI  or  to  3A'  NaCI  [61]. 

With  18Ni-300  maraging  steel,  the  value  of  A'|Icf  is  the  same  in  distilled 
water,  3%  NaCI,  and  I/VH2SO4  [111], 

It  seems  therefore  that  large  changes  in  the  acidity,  salt  concentration,  etc.,  of 
aqueous  environments  do  not  change  Klscc  very  much.  Introduction  of  the 
"poison”  H2S  appears  to  lower  K iscc  to  the  lowest  values  reported  for  a partic- 
ular type  of  steel  in  salt  water. 

The  data  showing  that  high  strength  steel  may  be  susceptible  to  SCC  in 
organics  and  nonelectrolytes  is  not  greatly  surprising  because  similar  effects  have 
been  observed  with  titanium  alloys  [158]  and  with  aluminum  alloys  |159], 
Such  data  are  often  held  in  question  because  of  the  suspicion  that  minor 
amounts  of  impurities  may  be  responsible. 


3.11  Mitigation  of  SCC 

Inhibitors  in  aqueous  solution  are  of  two  types:  (a)  those  that  function  by 
forming  a solid  film  (oxidizing  or  precipitation  inhibitors)  and  (b)  those  that 
function  by  forming  an  adsorbed  layer.  Examples  of  the  solid-film  type  are 
nitrites,  silicates,  phosphates,  and  chromates.  The  adsorbed-film  types  are  gen- 
erally organic  nitrogen  and  sulfur  compounds.  Sometimes  inhibitors  are  in- 
corporated into  layers  (coatings)  which  also  form  a barrier  to  the  environment. 

On  nonprecracked  specimens  the  solid  film  inhibitors  appear  to  be  more 
effective  than  the  adsorbed  layer  organic  type  inhibitors  with  respect  to  stress 
corrosion.  For  example,  the  addition  of  NaNOj,  NajCrOa,  Na2Si03,  or 
thiourea  to  distilled  water  extends  the  time  to  fracture  of  U-bend  AISI  4340 
specimens  treated  to  230-ksi  yield  strength.  Thus  the  standard  inhibitors  used  to 
mitigate  the  corrosion  of  steels  tend  to  prevent  stress  corrosion  of  smooth  speci- 
mens. The  concentration  of  inhibitor  needed  to  inhibit  stress  corrosion  is,  how- 
ever, greater  than  that  required  to  control  general  corrosion.  The  effectiveness  of 
these  inhibitors  is  enhanced  if  the  environment  is  alkaline  (pH  10  to  12).  How- 
ever, there  is  no  simple  correlation  of  inhibitor  effectiveness  with  pH  of  the  bulk 
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solution  1 160| . Caution  is  needed  in  using  inhibitors  as  above,  for  certain  critical 
conditions  may  promote  stress  corrosion,  e g.,  a critical  concentration  or  pH 
level  1 1 33 1 . 

The  data  on  the  effectiveness  of  inhibitors  on  precracked  specimens  arc 
limited.  The  addition  of  0.25%  Na2Cr()4  to  a distilled  water  environment  ex- 
tends the  failure  time  of  AlSi  4340  considerably,  probably  by  stabilizing  the 
surface  oxide  film.  However,  the  same  concentiation  of  Na2Cr04  in  1 ,53V  and 
.W  NaCi  solutions  has  no  effect  on  the  same  steel.  Apparently,  the  Kiscc  value  is 
not  influenced  greatly  either  (61  ] . 

The  addition  of  1 .75%.  NajCrC^  to  3.5%  NaCI  solution  has  little  influence  on 
the  A'lscc  value  of  18NT200  and  l8Ni-250  maraging  steel  [1 10| . Similarly,  the 
addition  of  1.5%  Ni^CrtT}  does  not  affect  K\scc  values  in  18Ni-300  maraging 
steel  1 1 1 1 1 . 

The  conclusion  reached  on  the  basis  of  this  limited  data  is  that  there  is  no 
evidence  that  inhibitors  influence  Kiscc  values  on  high  strength  steels.  There  is 
some  evidence  that  the  usual  corrosion  inhibitors  may  be  beneficial  in  avoiding 
SCC  when  sharp  cracks  are  not  present,  but  higher  concentrations  are  needed. 
Tire  fundan.-ulal  problem  with  inhibiting  stress  corrosion  crack  propagation  is 
that  the  crack  tip  region  is  acidic,  and  inhibitors  are  incompletely  effective  in 
acid  solutions,  particularly  if  chloride  is  also  present. 

Obviously  an  inert  coating  is  one  way  to  prevent  SCC,  and  such  coatings  work 
provided  no  flaws  penetrate  to  the  metal  either  in  application  or  during  service. 
Other  coatings  provide  cathodic  protection  or  contain  inhibitors  as  a second-line 
defense  in  case  the  coating  is  breached.  When  flaws  do  appear,  there  is  danger 
that  cracking  may  be  enhanced  through  hydrogen  embrittlement  (cathodic 
charging).  The  considerations  which  specify  a desirable  coating  and  the  ex- 
perience which  has  been  accumulated  on  specific  coatings  for  smooth  specimens 
has  been  reviewed  adequately  elsewhere  [74,1  24,141 ,142,150,161  ] . 

With  respect  to  precracked  specimens,  there  is  almost  no  experience  with  the 
efficacy  of  coatings.  There  are  no  effects  on  tnc  K\scc  value  of  18Ni  maraging 
steel  when  12-5-3  maraging  steel,  a Ni-Cu  alloy,  or  carbon  steel,  is  used  as 
cladding,  provided  the  precrack  penetrates  the  clad.  The  data  are  considered 
only  qualitative  because  the  stress  intensity  factor  could  not  be  determined  with 
the  thick  coatings  which  produce  what  could  be  considered  a laminated  plate.  It 
would  be  expected  that  coatings  such  as  zinc  on  the  precipitation-hardening 
stainless  steels  (and  other  steels  sensitive  to  cathodic  charging)  would  lower 
K\iCC  at  a local  flaw  in  the  coating.  (See  Fig.  62.) 

In  the  absence  of  a coating  involving  another  material,  a "coating”  of  worked 
metal  in  compression,  such  as  that  produced  by  shot  pecning,  could  be  effective. 
In  fact,  the  surface  condition  produced  by  a number  of  finishing  treatments  can 
be  very  important  on  smooth  specimens  [150,1621.  If  large  flaws  are  present, 
such  surface  effects  will  diminish.  Thus  the  effects  of  coatings,  inhibitors,  and 
surface  treatments  would  be  expected  to  vary  with  the  number  and  depth  of 
flaws  which  may  exist. 
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3.12  Mechanisms 

The  theories  of  SCC  have  been  widely  reviewed  in  recent  years  [148,151, 
152,162-1721 . It  seems  that  the  detailed  mechanisms  which  have  been  proposed 
for  the  great  number  of  metal-corrodent  systems  can  be  grouped  into  two 
geneial  categories:  dissolution  models  and  mechanical  models.  There  are  two 
types  of  dissolution  model:  (a)  the  film  rupture  model  and  (b)  the  mechano- 
chemical  model.  There  are  also  two  types  of  mechanical  model:  (c)  the  adsorp- 
tion mode!  and  (d)  the  brittle  film  model.  Thus  there  arc  basically  four  (a,  b,  c, 
and  d)  different  categories  of  SCC  models.  The  models  have  been  discussed 
thoroughly,  and  it  will  suffice  here  merely  to  indicate  briefly  the  basic  features, 
which  are  as  follows: 

1 . Film  rupture  model.  Plastic  deformation  at  the  crack  tip  ruptures  a 
passive  film  intermittently.  This  enables  localized  anodic  dissolution  to  take 
place.  The  crack  walls  remain  passive  and  are  cathodes. 

2.  Mechano-chcmicai  model.  Deforming  film-free  metal  at  the  crack  tip  is 
anodic  to  the  nondeforming  metal  at  the  crack  walls,  and  the  process  of  de- 
forming opposes  stilling  of  the  process  by  polarization. 

3.  Adsorption  model.  The  adsorption  of  specific  species  at  the  crack  tip 
reduces  the  energy  required  to  form  new  surfaces.  The  specific  species  must 
therefore  adsorb  and  react  with  the  strained  metal  bond  at  the  crack  tip  and 
reduce  the  fracture  strength. 

4.  Brittle-film  model.  F.xposure  to  the  environment  causes  the  metal  to 
form  an  embrittled  surface  layer  which  fractures  under  tensile  stress.  Crack 
propagation  may  be  intermittent. 

The  development  of  techniques  for  the  measurement  of  pH  and  electrode 
potential  at  the  tips  of  propagating  stress  corrosion  cracks  [145-1 47 j , together 
with  the  use  of  the  Pourbaix  diagram,  seems  to  clarify  ihe  meaning  of  many  of 
the  observations  on  the  SCC  behavior  of  steels.  For  example,  the  minimum  in 
crack  growth  rate  as  a function  of  decreasing  potential  (e.g..  Fig.  62)  has  often 
been  cited  as  evidence  of  a change  in  cracking  mechanism  from  one  of  anodic 
dissolution  to  one  of  hydrogen  embrittlement  (!04,I53|.  By  measuring  both 
crack  tip  and  potential,  however,  it  has  been  found  that  the  crack-tip  conditions 
in  a propagating  crack  are  always  favorable  for  the  reduction  of  hydrogen,  and 
that  therefore  only  the  hydrogen  embrittlement  mechanism  is  required  (Fig.  671. 

The  minimum  in  the  rate  curve  appears  to  occur  at  the  transition  from  the 
region  of  corrosion  to  the  region  of  immunity,  indicated  in  Fig.  68.  On  this  basis 
the  minimum  can  be  regarded  as  the  consequence  of  moving  the  anodic  reaction 
from  within  the  crack  to  outside  the  crack  [140] . The  application  of  cathodic 
protection  may  at  first  stifle  the  anodic  reaction  and  reduce  the  amount  of 
hydrogen  discharged,  but  as  cathodic  hydrogen  evolution  increases  the  crack 
growth  rate  may  increase  as  a result  of  increased  hydrogen  charging. 

Hydrogen  may  be  absorbed  by  AIS1  4340  and  HP  94-45  under  anodic  polari- 
zation [174],  and  therefore  a single  hydrogen  cracking  mechanism  may  apply 
across  the  board  of  the  polarization  potential. 


i 


HIGH  STRENGTH  STEELS 


SC£  HYDROGEN 


Eig.  67.  Effects  of  anodic  and  cathodic  (impressed)  potential  on 
the  pH  at  the  tip  of  propagating  stress  corrosion  cracks  in  A1SI 
4340  steel.  Obviously  water  may  be  reduced  to  release  hydrogen  at 
the  crack  tip  in  every  case. 


-1012345678910  1112  13  146 
pH 


Fig.  68.  Values  of  potential  and  pH  at  the  crack  tips  of  several 
steels  during  stress  corrosion  crack  propagation. 
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When  pits  or  a precr;:ck  are  essential  to  the  initiation  of  stress  corrosion 
cracks,  it  may  be  because  of  the  need  to  provide  a local  environment  where  the 
acidification  may  take  place  by  hydrolysis  1 147,1  75.176] . Once  crack  growth 
begins,  the  crack  itself  provides  the  necessary  localized  environment. 

The  hydrogen  embrittlement  mechanism  is  also  consistent  with  the  observa- 
tion that  slow  crack  growth  can  take  place  in  hydrogen-containing  steels  in  the 
absence  of  a corrodent. 

The  activation  energies  for  crack  growth  are  similar  whether  hydrogen  is 
supplied  externally  or  from  a stress  corrosion  proccs„  (105,177,178).  The 
fractographic  fracture  surfaces  arc  similar  (179).  Thin-film  microscopy  (180) 
indicates  that  the  structure  of  AISI  4340  tempered  at  400°F  resembles  the 
structure  of  the  as-quenched  martensitic  defect  state  upon  cathodic  charging, 
whereas  the  same  steel  tempered  at  I300°F  docs  not.  (This  agrees  with  observa- 
tions that  the  steel  is  susceptible  to  SCC  when  tempered  at  400°F,  but  not 
susceptible  at  1300°F.)  The  formation  of  films  (presumably  oxides)  impedes 
crack  initiation,  but  not  crack  growth  (181).  All  the  foregoing  are  in  accord 
with  a model  for  SCC  involving  hydrogen  embrittlement. 
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4.  HIGH  STRENGTH  ALUMINUM  ALLOYS 


4.1  introduction 

This  chapter  is  a state-of-the-art  review  of  the  engineering  aspects  of  stress 
corrosion  cracking  of  high  strength  aluminum  alloys.  It  is  primarily  written  for 
the  practicing  engineer,  and  contains  published  and  unpublished  information 
available  up  through  May  1970.  An  attempt  is  made  to  achieve  a balance  be- 
tween the  newer  experimental  results  obtained  using  the  linear  elastic  fracture 
mechanics  approach  and  the  results  of  the  traditional  smooth  specimen  time-to- 
failurc  tests.  The  mechanical,  environmental,  and  metallurgical  parameters  which 
inti uence  stress-corrosion  crack  growth  arc  reported  in  detail,  and  are  discussed 
in  terms  of  the  available  quantitative  stress  corrosion  theories. 

Special  sections  are  devoted  to  modern  alloy  development  and  prevention  of 
stress  corrosion  failures  in  aerospace  and  other  structures.  The  somewhat  re- 
lated topics  of  exfoliation  and  intergranular  corrosion  are  treated  briefly. 

High  strength  aluminum  alloys  are  of  considerable  importance  in  our  tech- 
nologically advanced  society.  Perhaps  the  best-known  applications  are  for 
rockets,  spacecraft,  aircraft  and  hydrospace  vehicles.  Table  1 lists  the  chemical 
compositions  for  the  commonly  used  high  strength  aluminum-base  alloys. 
Mechanical  properties  of  the  alloys  are  listed  in  Table  2 (Data  in  Tables  I and  2 
were  obtaineu  from  Refs.  I through  48.)  The  highest  strength  aluminum  alloys 
arc  those  based  on  the  Al-Cu-Mg  (2000  series)  and  Al-Zn-Mg-Cu  (7000  scries) 
alloy  systems.  Since  these  alloys  are  the  most  widely  used  for  today's  high 
performance  structures,  this  chapter  will  concentrate  on  them. 

In  their  service  environment,  many  of  the  high  strength  aluminum  alloys  can. 
under  specific  conditions,  fail  at  stresses  far  below  the  yield  strength  due  to  SCC. 
The  large  potential  losses  in  load-carrying  capability  due  to  SCC  can  be  appre- 
ciated by  noting  the  low  SCC  threshold  stresses  in  many  of  the  alloys  in  Table  2. 
Since  such  cracking  often  occurs  below  gross  yielding,  it  is  appropriate  to  use 
linear  elastic  fracture  mechanics  analysis. 

The  main  purpose  of  this  chapter  is  to  present  and  review  the  engineering 
aspects  of  the  wealth  of  knowledge  accumulated  to  date  about  stress  corrosion 
cracking  of  high  strength  aluminum  alloys.  The  fracture  mechanics  approach  has, 
in  the  past  few  years,  allowed  us  to  design  quantitative  stress  corrosion  tests  |50, 
SI  | and  to  compare  environmental  and  metallurgical  effects  on  a quantitative 
basis,  as  will  be  shown  in  the  following  sections.  Before  such  modern  testing 
techniques  had  been  developed,  the  conventional  and  more  qualitative  time-to- 
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t dilute  ( I I I'  ) tests  had  been  used  |52|  for  almost  half  a century  to  assess  the 
susceptibility  to  stress  corrosion  of  high  strength  aluminum  alloys.  Smooth 
specimens  are  also  used  to  determine  a threshold  stress  (osct  ) below  which  stress 
corrosion  cracking  is  not  observed  within  a given  time  (Ref.  42).  Using  this 
technique,  metallurgists  have  been  remarkably  successful  in  developing  alumi- 
num alloys  that  combine  high  strength  and  resistance  to  SCC.  and  a number  of 
reviews  have  been  published  that  adequately  cover  what  smooth  specimen  test- 
ing has  contributed  to  our  understanding  of  SCC'  high  strength  aluminum  alloys 
1 53-55 1 . Today,  however,  quantitative  SCC  data  are  equally  needed  for  alloy 
development,  fundamental  studies  of  SCC,  and  advanced  design.  Already, 
quantitative  SCC  data  based  on  fracture  mechanics  analysis  are  used  for  the 
design  of  pressure  vessels  in  the  aerospace  industry,  and  efforts  are  under  way  to 
introduce  the  same  concepts  to  othci  designs  as  well. 

In  the  following  sections,  the  authors  will  describe  the  conditions  under 
which  SCC  failures  can  occur.  It  is  the  authors’  hope  that  metallurgists  and 
engineers  can  use  the  information  presented  here  to  further  develop  and  safely 
use  the  high  strength  aluminum  alloys. 


4.2  Mechanical  Aspects  (Effects  of  Stress) 

Techniques  for  stress  corrosion  testing  are  discussed  in  Chapter  2 of  this 
monograph.  In  the  nresent  chapter,  we  will  discuss  only  those  aspects  of  stress 
corrosion  testing  that  are  peculiar  to  the  high-strength  commercial  aluminum 
alloys  by  virtue  of  the  pronounced  effect  of  grain  shape  and  orientation  on  the 
stress-corrosion  performance  of  these  alloys. 

Grain  Shape  and  Orientation 

Since  SCC  in  aluminum  alloys  is  almost  always  intergranular,  the  stress  corro- 
sion performance  of  these  alloys  is  strongly  related  to  the  local  grain  shape  and 
orientation  with  respect  to  the  applied  stresses.  The  grain  orientations  in  the 
standard  wrought  forms  are  indicated  schematically  in  l;ig.  I.  For  hand  and  die 
forgings,  grain  shape  and  orientation  can  vary  widely  throughout  the  part,  and 
cross  sectioning  is  required  to  determine  local  grain  shape  and  orientation.  Grain 
(low  in  a typical  die  forging  is  illustrated  in  Fig.  2,  which  shows  a cross  section 
perpendicular  to  the  parting  plane. 

Because  it  is  important  to  relate  stressing  direction  and  grain  flow  directions 
in  aluminum  alloys,  two  systems  have  been  devised  to  relate  these  two  para- 
meters. In  one  system,  used  primarily  for  testing  smooth  specimens,  the  three 
stressing  directions  arc  designated  simply  by  denoting  whether  the  stress  is  par- 
allel to  the  longitudinal  (L),  long  transverse  (l.T),  transverse  (Tl,  or  short  trans- 
verse (ST)  dueclioiis  as  defined  in  Fig.  4. 
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Table  2.  Mechanical,  Fracture,  and 
Stress  Corrosion  Properties  for  Plates  of  Several  Aluminum  Alloys 
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Table  2.  Mechanical,  Fracture,  ami 

Stress  Corrosion  Properties  for  Plates  of  Several  Aluminum  Alloys  Continued 
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Table  2.  Mechanical,  Fracture,  and 

Stress  Corrosion  Properties  for  Plates  of  Several  Aluminum  Alloys  -Continued 
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Another  system  has  been  devised  that  is  particularly  useful  for  precracl'-d 
specimens.  This  system  specifies  both  the  cracking  plane  and  crack  propagation 
direction.  It  uses  three  letters  (L,T,W)  to  indicate  the  three  mutually  perpen- 
dicular directions:  L for  the  longitudinal  direction,  T for  the  thickness  direction, 
and  W for  the  width  direction.  The  crack  plane  is  identified  by  the  direction 
normal  to  the  crack.  The  crack  propagation  direction  is  identified  by  one  of  the 
three  directions,  L,  T,  or  W,  Figure  3 illustrates  the  various  possible  double 
cantilever  beam  <DCB)  specimen  orientations  in  plate  material.  Using  this 
system,  cracks  propagating  in  the  parting  plane  of  d>e  forgings  would  correspond 
to  TL  and  TW  cracks  in  plate. 

The  Sources  of  Stress 

Tensile  stresses  are  always  necessary  for  SCO  to  occur.  Service  stress  corrosion 
failures  in  susceptible  aluminum  alloys  usually  result  from  sustained,  uninten- 


(d,  '"rul'd  and  cornp*^  **"» 

1.  Grain  orientations  in  standard  wrought  forms  156) . 

tionally  induced  stresses of  i«duced  sWe* 

acting  at  *e  surface.  A » 4.  R«idua!  stresses  usually  result 

resulting  from  assembly  “ Examples  showing  the  magnitude 
from  quenching  after solution  V,  jn  Fig.  5.  The  problems  usually  arise  when 
and  sense  Of  such  stresses  are  f °^"aV!nder  high  residual  tension  stresses.  In 

mchi«t  <*«■»■»  “<7  * " JTw  vrv  r™»  ■«  “ * “ 
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*20  *10  0 -10  -20 


TENSION  COMPRESSION 

STRESS  (ksi) 

l ip  5.  Typical  residual  -tress  pattern  in  7075-T6  plate 
given  a cold-water  quench  and  nol  stress  relieved  (561. 

arc  not  usually  the  cause  of  SCC.  There  arc  exceptions  to  this  rule,  however,  and 
SCC  often  occurs  in  hydraulic  parts  or  pressure  vessels  where  pressurization  may 
last  for  long  periods  of  time.  Other  exceptions  are  interference  fitted  bushings 
and  fasteners. 

Ahhough  it  is  probably  less  common,  it  is  worlh  noting  lhai  once  a stress 
corrosion  crack  has  initiated,  the  formation  of  voluminous  corrosion  products 
within  the  crack  itself  can  help  in  maintaining  high  stresses  at  the  crack  tip.  This 
phenomenon  has  been  observed  in  several  high  strength  aluminum  alloys  |4b, 
4H,4‘>) . 

Two  other  forms  of  corrosion  in  high  strength  aluminum  alloys,  namely 
intergranular  and  exfoliation,  arc  related  to  SCC  inasmuch  as  the  attack 
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also  occurs  along  grain  boundaries.  Applied  stresses  are  not  necessary  lor  these 
forms  of  corrosion.  It  is  significant  that  some  alloys  not  susceptible  to  SCC  may 
sutler  intergranular  corrosion  or  exfoliation  corrosion. 

Smooth-Specimen  Test  Techniques 

Traditionally,  SCC  data  for  aluminum  alloys  have  been  obtained  by  exposing 
smooth,  stressed  specimens  to  a corrosive  environment  1 5 7 1 . Time  to  failure 
(TTI  ) is  then  plotted  as  a function  of  the  applied  gross  section  stress  as  illus- 
trated in  big.  h.  Note  that  there  appears  to  be  a stress  below  which  no  stress 
corrosion  failures  occur.  This  estimated  threshold  stress  oU(  depends  on  the 
particular  alloy,  temper,  grain  dilection,  environment,  and  testing  time;  it  is 
referred  to  as  the  smooth-specimen  stress-corrosion  threshold  stress.  Most  of  the 
available  threshold  stresses  arc  listed  in  Table  2.  Determination  of  the  threshold 
stress  is  not  a simple  matter  and  usually  requires  exposure  of  a number  of 
specimens  stressed  to  each  of  several  stress  levels.  The  most  widely  used  testing 
procedure  involves  alternate  immersion  in  an  aqueous  3.5'/r  NaC’l  solution.  Speci- 
mens are  immersed  10  min  followed  by  a 50-min  drying  period  in  an.  Test  times 
range  from  30  to  180  days  in  aggressive  environments  like  the  ones  used  in  the 
alternate-immersion  test.  In  less  aggressive  environments  such  as  industrial 
atmospheres,  testing  times  of  not  less  than  three  years  are  required. 

Failure  is  usually  defined  as  cither  actual  fracture  of  the  specimen  or  the 
visual  appearance  of  the  first  crack  at  some  nominal  magnification.  It  is  often 
necessary  to  conduct  metaliographic  examination  on  specimens  at  the  conclu- 
sion of  testing  to  verify  test  results,  since  failure  can  result  from  deep  pitting  or 
general  corrosion  rather  than  SCC.  In  addition,  while  some  specimens  may  not 
appear  to  have  failed  by  the  previously  defined  failure  criterion,  sharp,  inter- 
granular stress  corrosion  cracks  may  be  found  during  the  metaliographic 
examination,  thus  indicating  failure.  The  important  influence  of  grain  shape  and 
orientation  with  respect  to  the  stressing  direction  on  the  SCC  threshold  of 
smooth  specimens  is  illustrated  in  Figs.  7 and  8. 

Note  in  Fig.  7 that  both  the  threshold  stress  and  TTI-  decrease  as  the  stressing 
direction  is  changed  from  the  longitudinal  to  the  short  transverse  direction. 
There  are  two  reasons  for  this  behavior.  First,  the  stress  corrosion  cracking  path 
is  shortest  for  short  transverse  stresses,  as  illustrated  in  Fig.  9.  Second,  in  the 
short  transverse  direction  the  tensile  stresses  arc  more  nearly  perpendicular  to 
the  grain  boundaries,  and  it  has  been  shown  that  susceptibility  to  SCC  is  a 
function  of  the  resolved  stress  component  acting  normal  to  the  grain  boundaries 
158,391 . Despite  the  lowci  threshold  stress  in  the  short  transverse  direction,  it  is 
important  to  note  that  even  in  longitudinal  SCC  specimens,  cracks  can  initiate 
easily  on  boundaries  that  are  perpendicular  to  the  applied  stress  |(>0| . However, 
for  cracks  of  this  orientation  there  is  no  available  continuous  intergranular  path 
perpendicular  to  the  stressing  direction.  Therefore,  these  cracks  have  great  diffi- 
culty propagating  by  stress  corrosion.  Nevertheless,  such  shallow  stress  corrosion 
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clacks  only  Din-  or  two  “mins  dec;)  could  he  responsible  for  initialing  fatigue 
cracks  it!  longitudinally  stressed  memhers. 

The  limitations  of  TIT-  data  from  smooth  specimens  have  been  discussed  in 
Chapters  1 and  2 of  this  monograph. 

Prccracked-Specimen  Test  Techniques 

There  are  several  methods  of  obtaining  stress  corrosion  data  from  aluminum 
alloys  using  preeraeked  specimens.  One  involves  testing  a scries  of  fatigue- 
piecracked  specimens  using  const  *ut  loads  to  achieve  a series  of  plane-strain 
stress  intensity  A.” | levels  below  the  plane-strain  fracture  toughness  K\c.  If  the 
cracks  propagate  by  stress  conosion.  the  K ; level  increases  until  K\c  is  reached 
and  failure  occurs.  By  plotting  the  time  to  failure  against  the  initial,  applied 
stress  intensity,  an  apparent  threshold  can  be  determined,  which  is  denoted 
A'|V(( . This  test  method  is  illustrated  in  Tig.  10. 

This  method  overcomes  some  of  the  objections  against  smooth-specimen  TTT 
testing  listed  in  the  preceding  section,  since  with  the  test  results  it  is  possible  to 


I lc.  8.  I Heel  of  grain  geometry  and  stressing  direction  on  resistance  to  stress  corrosion  crack- 
ing (SCO  lor  7075-1 6 extrusions.  This  same  trend  is  applicable  to  other  manufactured  forms 
ot  7075-16  and  also  to  other  high-strength  aluminum  alloys  in  a susceptible  temper  [55 1. 
Irom  I’toceedmgs  nj  Conference  on  Fundamental  Aspects  of  Stress  Corrosion  Cracking,  1 969. 
p.  468.  I ig.  3;  copyright  by  the  National  Association  of  Corrosion  engineers,  llsed  by  per- 
mission. 
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I if!.  9.  Iffect  of  "dressing  direction  on  the  intergranular  stress 
corrosion  crack  path  in  a susceptible  higlt-strengllt  aluminum 
alloy 


predict  whether  cracks  in  flawed  stuicturcs  can  propagate  hy  S('('.  Since  stress 
corrosion  crack  growth  rates  in  aluminum  alloys  can  be  extremely  slow,  failure 
times  can  be  extremely  long;  if  impatient  investigators  select  too  short  testing 
times,  erroneously  high  K\SiC  values  can  result.  Threshold  K\  levels  can  be 
estimated  hy  mechanically  fracturing  preerackcd  specimens  after  they  have  been 
exposed  at  a series  of  A’|  levels  for  a sufficiently  long  time.  Subsequent  examina- 
tion of  the  fractured  specimens  allows  the  determination  ol  the  A' | levels  above 
wi.tch  growth  is  observed  and  below  which  no  growth  is  observed.  !\>r  any  of 
these  tests,  cither  the  bent-beam,  sirigle-cdge-notch.  or  surface-flaw  type  of  speci- 
men can  be  used,  although  it  is  usually  difficult  if  not  impossible  to  test  the 
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short  transverse  dircciton  using  such  specimens,  unless  vcr>  thick  material  is 
available  nr  extension  aims  can  he  tilted. 

The  above  described  methods  have  been  used  in  recent  years  by  a number  of 
investigators  to  overcome  some  of  the  disadvantages  associated  with  smooth- 
specimen  I TT  testing  [3S,T6,C>I-64| . In  addition  to  the  establishment  of  a 
A I,,,  using  this  techni(|tic.  some  of  the  first  crack  velocity  measurements  have 
been  made  from  additional  Iractographic  observations.  A more  convenient  and 
accura'e  technique  tor  measuiing  crack  growth  rates  as  a function  of  the  applied 
ciack-lip  stress  intensity  is  outlined  in  Chapter  2. 

Crack  Velocity  as  a Function  of  Stress  Intensity 

Obviously  the  knowledge  of  the  stress  corrosion  crack  velocity  as  a function 
ot  the  crack-tip  sticss  intensity  would  constitute  more  complete  and  detailed 
information  than  either  ITT  or  A |V(  ( . The  double  cantilever  beam  (0CB)  speci- 
men provides  the  most  economical  and  convenient  method  for  measuring  such 
crack  velocities  al  known  stress  intensity  levels.  The  IX’U  specimen  is  also  called 
the  single-cdgc-crackcd-spccimen.  Its  stress  intensity  calibration  is  described  in 
Chapter  2 of  this  monograph. 

The  l)(’H  specimen  is  ideally  suited  to  testing  the  critical  short  transverse 
direction  ot  high  strength  aluminum  alloy  materials  because  the  intergranular 
nature  of  SCC  in  these  alloys  prevents  the  stress  corrosion  cracks  front  running 
out  ot  the  center  plane. 


MINUTES  TO  FAILURE 


lag.  til.  Pro ravkoil-spccinivn  stress  corrosion  ilata  lor  short  iranwcrse  7075-T65I  plate  il- 
lustrating the  |'(|  mclhovl  of  obtaining  K |I(.C.  t'sing  llus  leehnujiie,  a otjl'uul  6 ksi 

v/fiT.  is  obtained  |hl  |.  i nun  Svmposium  on  Stress  Corrosion  Testing,  Atlantic  City,  1966, 
p.  24,  1 ig.  I;  •.ipyright  hy  the  Ameriean  Soviety  for  Testing  and  Materials,  lived  by  per- 
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Most  of  the  quantitative  stress  corrosion  data  ptesented  m the  following 
sections  were  obtained  using  IX ' li  specimens  of  the  I I.  (short  transverse)  orien- 
tation. A typical  result  is  given  tit  Tig.  I I.  which  shows  the  velocity  ot  t he  lip  ot 
a stress  corrosion  crack  in  the  alloy  7075-lh51  as  a (unction  ol  the  applied 
crack-tip  stress  intensity  (40| . This  is  one  ol  the  key  figures  of  this  chapter  and 
the  reader  should  carefully  examine  it  before  going  on.  It  summarizes  much  ol 
the  progress  that  has  recently  been  made  with  the  new  and  quantitative  stress 
corrosion  tests.  Note  that  at  low  stress  intensities  the  crack-tip  velocity  is 
strongly  stress  dependent.  This  part  of  the  crack  velocity  vs  stress  intensity  curve 
(V-T  curve)  is  labeled  region  I.  At  higher  stress  intensities,  the  crack-tip  velocity 
is  almost  independent  of  stress.  This  plateau  of  the  V-K  curve  is  labeled  region 
II.  It  is  important  to  note  that  the  slope  in  region  I when  measured  on  a single 
specimen  has  always  been  found  to  be  finite,  at  least  down  to  very  low  velocities 
(10  x to  10  4 cm/sec).  This  means  that  at  the  present  time  no  true  lower  limit 
of  stress  intensity  A|V(.(  has  been  observed  below  which  stress  corrosion  cracks 
do  not  propagate  in  aluminum  alloys.  Therefore,  the  assumption  of  a A'l?<r  value 
for  aluminum  alloys  based  on  data  shown  in  lugs.  10  and  1 1 is  incorrect. 

Tor  the  alloy  7075-Th5l.  stress-corrosion  crack  velocities  aie  identical  for 
specimens  completely  immersed  in  saturated  NaCI  solution  and  for  specimens 
alternately  immersed  in  5.5 '■>  NaCI  solution.  Thus,  the  data  presented  in  l ig.  I I 
have  been  obtained  lor  the  same  alloy,  crack  orientation,  anu  environment  as  the 
data  in  lig.  (>  (smooth-specimen  ITT)  and  in  Tig.  10  (precracked  specimen  TIT. 
A! |It(T.  These  three  figures,  therefore,  represent  a fair  comparison  of  the  results 
obtained  with  the  three  different  SCC  testing  methods  loi  high  strength  alumi- 
num alloys. 


Relationship  Between  Data  from  Smooth  and  Prccracked  Specimens 

Since  the  precracked-specimen  approach  is  t airly  new  in  stress  corrosion  test- 
ing of  aluminum  alloys,  it  seems  appropriate  t > discuss  briefly  >ome  ol  the 
suggested  relationships  between  stress  corrosion  results  from  smooth  and  pre- 
cracked specimens  of  high  strength  aluminum  alloys. 

One  suggested  means  (or  merging  the  two  types  i I data  |<>5|  is  illustrated  m 
l ig.  12.  In  this  llguie,  both  the  SCC  threshold  stress  lor  smooth  specimen:,  and 
the  threshold  stress  intensity  K\U  i for  prccracked  specimens  are  plotted  vs  fiaw 
depth.  (A'|,cc  tv  used  here  for  illustrative  putposes  only,  since  a true  threshold 
apparently  does  not  exist  for  most  aluminum  alloys.)  lire  geueiah/cd  equation 
A = os /mi.  relating  Stress  intensity  A'|.  stress  n.  and  llaw  size  lu,  has  been  used 
to  construct  the  A' |„ , lines  in  l ig.  I 2.  There  ate  two  implications  from  this  type 
of  plot,  lurst,  to  avoid  SCC,  7075- 1 bS  10  should  not  be  stressed  at  levels  above 
the  smooth-specimen  threshold  stress  (7  ksi),  regardless  of  the  flaw  size  in  the 
material.  Second,  when  relatively  large  (laws  are  present.  7075  Tfi5  |()  should  not 
be  stressed  at  levels  above  those  defined  b\  the  threshold  stiess-mtcnsiiv  A |V( , . 


I »g.  II  typical  V k curves  l'<»r  7075-fY»5 1 obtained  using  IK  IX’H  stress  corrosion 
specimens  Regions  1 !•  tress-intensity  dependent!  ami  11  (stress-intensity  independent!  are 
dearly  evident,  as  is  the  finite  slope  ol  the  curve  in  region  I.  The  KjVr<.  value  tor  7075-T65I 
from  these  tests  is  just  less  than  7 ksi  \Jm.  1 45} . 
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I ii:.  12  method  lor  eombimn^  stress  corrosion  data  on  smooth  and  [>rei  r.a  ki  ii 

speiitnens  lor  predielinp  when  S<  ( will  occur  |f»5| 

Tile  ;ippro\imutc  Ajw<  value  lot  707  v | <>s  10  horn  Kel.  f>5  used  in  ennsiruet 
I ig.  12  is  much  higher  Ilian  would  Sc  expected  lioin  the  data  lot  7075-1  f>> I in 
lugs.  10  and  I I.  Therefore.  wc  have  added  a second  Ap(l  line  based  on  a value 
ol  Is  ksi  %/in . to  show  the  el  lee  I ol  a lowei  K p, , value  oil  this  tv  pc  ol  plot. 

While  not  particulailv  iisclul  lot  design  p.iposes,  this  tvpc  ol  plot  does 
illustrate  the  fact  that  susceptible  aluminum  allow  aie  sub|eet  to  ladiue  al  stiess 
intensity  levels  below  the  apparent  Ap, , . provided  the  stiess  level  is  above  the 
smooth-specimen  threshold  stress.  Tins  fact  in  ilsell  shows  that  the  Ap, , data 
used  in  big.  12  ate  not  the  lower  limit  ol  stiess  miensilv  lulow  which  SCC 
cannot  occur.  The  reasons  bn  this  are  threelold  lust,  as  pointed  out  in  the 
preceding  section,  even  at  low  stiess  intensities  and  cxticmelv  low  giowtli  latex, 
a threshold  stress  intcnsilv  lor  aluiuiiiuni  allovs  has  not  vel  been  obseived  Ibis 
is  different  Ironi  the  observed  bchavioi  ol  magnesium  allovs,  1 itauiiiiu  allow, 
and  steels  in  neutral  aqueous  halide  solutions,  vvlicie  appuientlv  a true  Ap,  , 
exists.  Second,  the  reason  that  SCC  is  obseived  below  the  extended  A p, , line  in 
specimens  with  very  small  tlaws  oi  no  apparent  initial  Haws  (i  ig.  |2(  is  that 
other  loims  ol  corrosion  can  occur.  These  could  be  oil  hot  pitting  oi  »ute.  - 
gianulai  eonosion.  both  oi  which  call  provide  i.ress  raisets  that  could  meiease 
the  effective  stress  intensity  to  levels  where  the  giowtli  tale  is  sulheientlv  high 
to  cause  eventual  failure.  fS'  .te  that  flitting  or  intergranular  corrosion  ttiav  ..Iso 
cause  changes  in  the  local  solution  chemistry  and  tints  influence  sness-eoiiosio.. 
ctaek  giowtli.)  Stress  corrosion  failures  in  alios  70.'')  1 :>  have  oeemred  al 
extremely  low  stress  levels,  i.e..  at  stress  levels  below  the  7-ksi  level  tvpieal  ol 
that  observed  lor  oilici  susceptible  7(HH)-scriex  alloys  |w<|.  It  is  stgnilieant  in 
tins  context  that  S(  C stacks  m 7t)7')-I(>  have  been  obseived  to  initiate  .it  pits 
resulting  Iron)  corrosion  m laboratory  air  of  MgiSi  particles  along  gram  bound- 
aries |b()|  A number  ol  other  factors  could  also  provide  efleetive  stress  in- 
tensities highci  than  those  ealenlatevl  these  include  local  plastic  delormalion. 
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tracked  intcimetallic  particles,  and  residual  stresses.  Third,  the  assumption  K\  - 

0 \fHa  m I ig.  12  is  an  oversimplification.  Il  would  be  more  appropriate  to 
adpist  As' i values  with  a correction  factor  that  lakes  into  account  the  depth  of  the 
llaw  with  respect  to  the  specimen  si/.e.  Id.,  the  relatively  small  specimens  gen- 
c rails  used  in  stress  corrosion  testing,  this  factor  is  not  insignificant  and  could 
met  ease  appreciably  the  actual  crack-tip  stress  intensities  over  those  shown  in 
f ig.  I 2 for  the  llaw  depth  listed  there. 

Experimental  Difficulties  in  Testing  Precracked  Specimens 

Experience  gained  with  many  hundreds  of  tests  to  date  has  shown  that  there 
are  a number  of  experimental  problems  that  must  be  overcome  if  accurate  V-K 
curves  are  t . be  obtained.  These  problems  are  discussed  below. 

Residual  Stresses.  When  SCC  specimens  arc  machined  from  heat-treated, 
quenched,  and  aged  material  that  has  not  been  stretched  or  compressively  stress 
relieved  after  quenching,  residual  stresses  can  cause  large  errors  in  K\  levels 
calculated  using  the  AT  calibration  equation  |bl).  Error  is  introduced  by  the 
bowing  apati  of  the  IX" It  specimen  arms  due  to  the  residual  compressive  stresses 
on  the  surface  of  the  specimen. 

Similar  problems  are  encountered  if  IX'U  specimens  arc  machined  from  hand 

01  die  forgings  containing  queuchod-in  residual  stresses;  the  At  levels  calculated 
lot  such  specimens  based  on  the  A q calibration  of  the  IX'B  specimen  arc  not 
s.ilul.  In  this  connection,  the  effect  of  residual  stresses  on  the  behavior  of  IX ' It 
specimens  ha.  clearly  dcmnnsliated  the  nnpoilant  role  that  quetielied-iil  residual 
stiesses  can  plus  in  the  propagation  of  slioss  corrosion  cracks  in  actual  parts. 
Ilitis.  iu  many  cases  it  may  he  extremely  dangerous  to  predict  growth  tales  ill  an 
actual  part  based  on  a A|  level  calculated  Irani  assumed  loads  and  crack  geotn- 
ctiy.  I ocai  geometry  changes  tit  the  part  may  keep  the  Aj  level  much  higher 
tli. in  that  calculated. 

Hie  in.i|onty  ot  the  quantitative  -.tress  cottosion  data  reported  in  this  paper 
Ini  the  high  stii  iiglh  aluminum  alloys  was  obtained  front  plate  material  that  was 
stretcher  straightened  to  remove  testdtial  stresses.  This  is  indicated  in  the 
teuipei  designation.  I\S|.  lot  slielclici-stiaighleiiedniateri.il. 

Corrosion-Product  Wedging.  1 he  buildup  of  conosiou  ptoducts  in  the  crack 
ol  a IX  It  specimen  can  cause  stiesses  at  the  crack  tip.  These  stiesses  can  reach  an 
intensity  lughci  than  the  ciack-tip  slices  intensity  applied  by  external  loading 
flits  lias  been  obsetved  in  both  21100-  and  7000-senes  alloys  |4(>.4X.(>S|  Tims. 
A|  values  eakulatcd  1 1 < >m  the  A|  caltbialion  ot  the  IX  H speeimeii  can  he  lit 
error  In  extietne  ease.,  the  coiiiiston-pioducl-wedging  action  can  be  so  severe 
that  the  loading  bolls  no  lilted  I tee.  with  the  entire  stiess  being  supplied  by  the 
tor o >sii in  pi.. .In. Is  |4(>.(iS| 

I heir  arc  two  ways  to  dclciiiime  that  coriosumpiodiicl  wedging  has  not 
ml iod in  eil  emus  into  the  nieasiiieil  V-k  curves.  I list  the  IX  If  spec  linen  can  be 
unloaded  at  let  I lie  test  and  the  r le  tick  t ion  a I tbc  load  line  can  be  lenicasniod  and 
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compared  to  the  dellection  at  the  beginning  of  the  test.  If  the  two  are  nearly 
equal,  no  substantial  amount  of  corrosion  products  has  accumulated  in  the 
crack.  Second,  when  at  low  applied  crack-tip  stress  intensities  the  crack  growth 
rate  becomes  immeasurably  small,  one  can  conclude  that  corrosion-product 
wedging  is  insignificant. 

Specimen  Orientation  and  Grain  Flow.  Grain  How  in  forgings  varies  with 
location  in  the  part.  Because  stress  corrosion  cracks  are  intergranular  in  high 
strength  aluminum  alloys,  they  follow  the  grain  flow.  Therefore,  care  must  be 
taken  to  ensure  that  DCB  specimens  are  machined  from  forgings  in  such  a way 
that  they  are  loaded  normal  to  the  grain  How.  If  they  are  not  loaded  in  this 
manner,  growth  rates  several  orders  of  magnitude  slower  than  those  in  the  short 
transverse  direction  can  result. 

Crack  Branching.  Generally,  stress  corrosion  cracks  in  commercial  high 
strength  aluminum  alloys  in  the  TL  and  TW  directions  do  not  branch.  The  same 
is  true  in  forgings  if  cracks  grow  along  a direction  of  pronounced  grain  How.  If. 
however  an  equiaxed  grain  structure  exists,  macroscopic  crack  branching  is 
possible  under  certain  conditions  |f>S) . 

• The  V-K  curve  must  show  a A'|-mdepcndent  region  (e.g..  region  II  in 
Fig.  II). 

• The  crack-tip  stress  intensity  at  the  point  of  branching  must  be  at  least  1.4 
times  the  stress  intensity  at  which  region  II  begins. 

Note  that  these  conditions  are  necessary  but  not  sufficient  for  branching. 

Delamination.  When  specimens  with  precracks  in  LT  arid  WT  orientations  are 
SC'C  tested,  Uelamiuation  (grain-boundary  separation  along  TL  ;.:id  TW  planes) 
can  occur.  This  can  effectively  blunt  the  crack,  thus  invalidating  the  calculated 
stress  intensity  |(i2| . 

Short  Testing  Times.  Stress  corrosion  crack  growth  rales  observed  in  alumi- 
num alloys  '-mi  be  extremely  slow  (10  5 in. /hr  or  less).  Therefore,  long  testing 
times  may  he  required  to  accurately  determine  the  lower  end  of  the  V-K  curve. 
Long  testing  times  can  be  a problem,  either  because  data  are  required  imme- 
diately or  because  testing  facilities  cannot  be  lied  up  loi  long  periods  cl  time. 
Moreovei,  ii  has  often  not  been  realized  that  instead  of  a A’i*,  , region  I of  the 
V-K  curve  must  he  determined:  i.e..  cracks  olicn  do  not  slop  even  though  they 
may  slow  down  considerably,  l ot  these  reasons,  short  test  runout  times  can  lead 
to  erroneously  high  A'|v, , values  loo  short  testing  times  could  cause  significant 
problems  when  it  becomes  necessary  to  ensure  integrity  in  aluminum  alios 
pressure  vessels  tor  use  m deep-space  probes  (4-year  mission  to  Mats  and  hack, 
lor  example). 

Relating  Laboratory  Data  to  Crack  Growth  in  Service.  L'tklei  service  condi- 
tions, the  environment  as  well  as  the  stress  level  vanes  with  lime  llierelore. 
laboratory  data  should  he  supplemented  with  tests  conducted  in  actual  and 
simulated  seivite  enviioiimciits. 
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Advantages  of  Precracked  Specimens  for  SCC  Testing 

The  use  of  precracked  DCB  specimens  for  stress  corrosion  testing  of  alumi- 
num alloys  has  several  advantages. 

• Measurement  can  he  made  of  the  stress-corrosion  crack-tip  velocity  as  a 
function  of  the  crack-lip  stress  intensity.  Thus,  while  smooth-specimen  data 
cannot  be  used  to  evaluate  failure  times  of  flawed  structures  or  to  prescribe 
loads  below  which  unintentionally  flawed  structures  will  not  fail  in  a given  time, 
precracked  specimen  data  can  be  used  for  these  purposes.  It  is  not  intended  that 
precraeked  specimens  should  replace  ah  smooth  specimens  for  stress  corrosion 
testing  of  aluminum  alloys.  Rather,  such  precraeked-specimen  data  are  a valuable 
addition  lo  the  smooth-specimen  threshold  data  in  the  same  way  that  fatigue 
crack  growth  data  are  a valuable  addition  to  the  standard  S-N  fatigue  curves  for 
different  alloys  (65 1 . And,  like  fatigue-crack  growth  data,  actual  stress  corrosion 
crack  growth  data  can  be  useful  for  setting  inspection  intervals  and  for  monitor- 
ing some  structures.  In  addition,  V-K  data  can  be  used  to  establish  loads  which 
ensure  that  structures  containing  possible  undetectable  flaws  will  operate  safely 
in  corrosive  environments  during  their  design  lifetimes.  Specific  examples  where 
prccracked-specimen  data  have  actually  been  used  are  given  in  the  next  section. 

• The  use  of  DCB  specimens  can  eliminate  scatter  due  to  the  initiation  of 
stress  corrosion  cracks  in  smooth  specimens,  raising  hopes  for  the  first  time  that 
reproducible  test  results  can  be  obtained  in  different  laboratories. 

• The  DCB  specimen  can  be  used  equally  well  for  fundamental  studies,  alloy 
development,  and  design,  making  communications  between  these  various  dis- 
ciplines much  easier. 

• The  simple  design,  low  cost,  portability,  and  self-stressing  capability  of  the 
bolt-loaded  IX'B  specimen,  and  the  case  with  which  data  are  generated  from  this 
specimen,  arc  the  keys  to  its  eventual  widespread  use. 

• When  testing  smooth  tension  specimens  for  SCC,  it  is  good  testing  practice 
to  expose  unstressed  specimens  simultaneously  with  stressed  specimens,  since 
stressed  specimens  could  fail  simply  by  cross-section  reduction  due  to  inter- 
granular. pitting,  or  general  corrosion.  Such  a double  check  is  not  needed  with 
DCB  specimens  because  all  possible  effects  of  corrosion  can  be  studied  on  the 
unstressed  part  of  the  same  specimen  after  the  test.  Thus,  when  the  DCB  speci- 
men is  biokcn  open  after  a SCC  test,  the  crack  face  will  show  not  only  the  depth 
of  the  SCC  crack  but  also  the  depth  of  pits  and  intergranular  corrosion  in  the 
unstressed  part  of  the  specimen. 

Some  Advantages  of  Smooth-SCC  Specimens 

Smooth-specimen  stress  corrosion  tests  measure  a sequence  of  phenomena  in 
one  test,  i.e.,  initiation  and  propagation  of  cracks,  and  this  can  be  an  advantage 
for  practical  applications,  in  cases  where  crack  initiation  takes  up  a major  part  of 
the  time  to  failure,  smooth  specimens  arc  useful  to  simulate  service  behavior  oCa 
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flawless  structure,  lit  addition,  a wealth  of  smooth-specimen  data  has  been  gen- 
erated over  the  past  several  decades  for  most  of  the  high  strength  aluminum 
alloys  currently  in  use.  This  makes  the  use  of  smooth-specimen  test  techniques 
attractive  in  alloy  development  since  the  new  alloy  can  be  compared  directly 
with  the  well-known  alloys  already  in  service.  However,  alloys  can  be  rated 
equally  well  using  crack  growth  rale  data  at  known  A]  levels,  and  it  is  thought 
that  such  test  techniques  will  eventually  be  preferred  over  the  smooth-specimen 
test  technique  for  many  applications. 

Some  Specific  Applications  of  Precracked-Specimen  Data 

The  use  of  threshold  stress  intensity  data  in  actual  design  is  probably  best 
illustrated  in  the  case  of  pressure  vessels  for  the  U.S.  space  program  [35,36,62, 
63 1 . In  such  cases,  the  relationship  between  fracture  toughness  A'|f,  threshold 
stress  intensity  level  A'|J(., . applied  stress  intensity  level  A'p,  operating  stress  o(ip. 
and  proof  test  pressure  (aop  X proof  test  factor  a)  are  illustrated  in  Fig.  13. 


t 
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l ig.  13.  Use  of  A'[c  and  criteria  in  pressure-vessel 

and  critical-burst  design  1 36 1 . 


In  this  particular  instance,  vessels  successfully  passing  a proof  test  at  the  oop 
X a stress  level  are  presumed  to  have  defects  nol  larger  than  (a/Q),  (Fig.  !3i. 
Any  preexisting  defects  larger  than  (a/Q),-  would  cause  bursting  since  the  inter- 
section of  the  oop  X a horizontal  line  with  the  vertical  projection  of  a flaw 
larger  than  (a/0)/  would  fall  to  the  right  of  the  A|t  curve  or  into  the  fracture 
region. 

At  the  operating  stress  level  o„p.  a preexisting  flaw  as  large  as  (a/Q),  would 
remain  stationary  under  sustained  load  because  the  resultant  A|,  is  smaller  than 
the  A'|S(.(.,  as  seen  from  the  fact  that  the  intersection  of  the  o„p  and  (a/Q),  lines 
falls  to  the  left  of  the  intersection  between  the  A'irf(  curve  and  the  oop  line.  If 
the  vessel  were  subjected  to  cyclic  loading  at  oop.  the  initial  Haw  (a/Q),  would 
grow  in  size  by  fatigue  until  it  reached  the  (a/Q)<r  size,  at  which  point  bursting 
would  occur. 
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tig.  14.  Use  of  K |c.  and  K\scc  etitetia  in  pressure-vessel  and 
leak-beforc-burst  design  |36|. 


In  a thinner  walled  pressure  vessel,  the  critical  flaw  size  (a/Q)tr  may  be  larger 
than  the  wall  thickness  (Fig.  14).  In  this  case,  the  vessel  would  be  safe  to  operate 
at  o„p  sustained  load  just  as  in  the  previous  case;  again,  the  maximum  initial 
Haw  size  (a/Q),  that  could  remain  after  proof  test  is  smaller  than  what  would  be 
required  to  generate  K\j  above  the  Ajsct.  level.  If  this  vessel  were  subjected  to 
cyclic  loading,  the  Haw  would  again  grow  in  size,  but  the  pressure  vessel  would 
leak  and  depressurize  rather  than  burst  because  the  wall  thickness  is  less  than  the 
critical  Haw  size  (a IQ\r-  hi  both  eases  a relatively  short  fatigue-crack  extension 
could  increase  the  crack-tip  stress  intensity  above  AjjCC,  resulting  in  failure  by 
SCC  even  without  further  cycling.  If  the  V-K  curve  for  the  material  environment 
combination  were  known,  it  would  be  possible  to  predict  quantitatively  the 
remaining  lifetime  of  the  pressure  vessel. 

V-K  curves  have  actually  been  used  in  setting  inspection  intervals  foi 
structural  parts  known  or  suspected  to  contain  Haws.  In  one  case  [69)  serious 
stress  corrosion  problems  arose  in  a large  machined  7075-T6  forging  used  to 
transmit  loads  from  the  wing  to  the  fuselage  of  a fighter  aircraft.  A:,  attempt  was 
made  to  determine  inspection  intervals  such  that  the  largest  undetectable  flaw 
could  not  grow  to  a critical  size  between  inspections.  To  set  a realistic  inspection 
interval,  the  small  amount  of  stress  corrosion  crack  growth  rate  data  for  7C75-T6 
available  at  the  time  |61|  was  examined.  An  equation  for  the  growth  rate 
ida/dt)  as  a function  of  A'  was  determined,  and  the  time  necessary  for  growth 
from  initial  to  critical  flaw  size  for  given  load  conditions  was  determined  by 
integrating  the  expression  between  the  appropriate  limits.  This  work  was  carried 
a step  further  |69|  by  incorporating  into  the  crack  growth  equation  a term 
accounting  for  simple  intergranular  corrosion,  which,  in  the  assumed  model, 
precedes  the  rapid  stress-accelerated  corrosion  stage  Further  modifications  to 
the  formula  incorporated  the  smooth-specimen  stress-corrosion  threshold  stress 
and  an  initiation  vrm. 
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This  early  work  illustrated  the  need  lor  more  stress  corrosion  crack  growth 
rate  data  as  a (unction  of  stress  intensity  in  several  commonly  encountered 
environments,  it  also  illustrated  the  need  for  more  data  on  the  rates  of  inter- 
granular attack  since  this  mode  of  corrosion  may  precede  the  stress-accelerated 
form  of  cracking.  Data  of  the  type  reported  in  Fig.  1 1 should  be  useful  in  this 
regard  and  should  make  analysis  of  the  type  just  described  both  more  quanti- 
tative and  more  accurate. 

4.3  Effects  of  Environment 

The  environment  has  a most  important  effect  on  the  nucleation  and  growth 
of  suberitieal  cracks  in  itigh  strength  aluminum  alloys.  Actually  measured  crack 
velocities  iit  a single  alloy  may  range  over  more  than  nine  orders  of  magnitude, 
depending  solely  on  the  environment  that  fills  the  crack  [47] . Cue  should, 
however,  keep  in  mind  that  stress  corrosion  cracks  arc  influenced  not  only  by 
the  environment  but  also  by  the  microstructure  of  the  alloy  and  by  the  crack-tip 
stress  intensity. 

Gaseous  Environments 

Gaseous  environments  are  among  the  most  important  ones  to  consider,  since 
obviously  the  use  of  high  strength  aluminum  alloys  in  air  is  widespread. 

Hydrogen  Gas.  Aluminum  alloys  do  not  appear  to  be  embrittled  to  any 
appreciable  extent  by  high-purity  hydrogen  gas  at  ambient  temperature  |70|. 
Tensile  strength  and  ductility  of  alloys  60OI-T6  and  7075-T73  are  not  subst  ;r- 
tially  reduced  when  the  test  environment  is  changed  from  helium  to  hydrogen  of 
10,000-psi  pressure,  and  the  same  is  true  for  notched  specimens  of  these  alloys 
[71 1 . No  loss  in  mechanical  properties  and  no  change  in  fracture  behavior  is 
observed  when  alloy  7039-T6)  is  tested  in  hydrogen  up  to  10,000  psi  |72) . 

The  effect  of  high-pressure,  high-purity  hydrogen  gas  on  suberitieal  crack 
growth  of  aluminum  alloy  2219-T6  was  studied  with  surface-flawed,  part 
through-crack  specimens  [35 1,  as  outlined  earlier  in  this  chapter.  The  results 
of  such  tests  arc  shown  in  Fig.  15.  These  results  indicate  that  the  threshold  stress 
intensity  factor  (A'yy/)  for  (his  alloy  exposed  to  hydrogen  gas  at  5.200  psi  was 
about  2R  ksi  s/irT  for  specimens  from  0.75-  and  1 .00-in.-thick  plates.  Corres- 
ponding data  for  weld  metal  in  welded  specimens  indicated  that  the  threshold 
stress  intensity  was  about  26  ksi  s/irT  for  the  hydrogen  environment.  Since  these 
tests  proved  that  base  metal  and  weldments  of  22 1 9-T6F46  aluminum  alloy 
retain  their  load-carrying  capability  in  pressurised  hydrogen  gas  at  stress  in- 
tensities of  more  than  SO'/  of  their  respective  fracture  toughness  values,  the 
alloy  was  recommended  tor  pressure  vessels  containing  hydrogen  gas  |35[ . 

Four  of  the  most  widely  used  high-strength  aluminum  alloys  showed  no  crack 
growth  when  prccracked,  stressed  to  near  A|, . and  exposed  to  dry  hydrogen  for 
47  days  |46) . 
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Other  Gases.  Stress  corrosion  cracking  of  high  strength  aluminum  alloys  in 
argon,  nitrogen,  oxygen,  air,  and  hydrogen  is  generally  characterized  by  the 
following  rules  [47 1 : 

• Stress  corrosion  cracks  do  not  initiate  or  propagate  in  dry  gases. 

• In  humid  gases,  stress  corrosion  cracks  initiate  immediately  from  precracks 
stressed  to  near  A'|f. 

• In  gases  of  1007?  relative  humidity,  crack  growth  occurs  with  a velocity  of 
about  I0‘3  in/hr.  in  the  stress-independent  region  II  of  the  V-K  curve  of  several 
commercial  high  strength  aluminum  alloys. 

• The  stress-dependent  crack  velocity  in  region  I of  the  V-K  curve  is  strongly 
influenced  by  the  metallurgical  parameters,  with  alloy  7079-T651  being  the 
most  susceptible,  followed  by  7039-T6I,  7 1 78-T65 1 , and  7075-T651. 

It  has  also  been  observed  that  the  stress-independent  stress  corrosion  crack 
velocity  of  alloy  7075-T651  is  linearly  dependent  on  the  water  vapor  concen- 
tration in  the  air  [47 1 . 


Outdoor  Exposure 

Stress  corrosion  cracks  in  specimens  exposed  outdoors  can  be  alternately 
filled  with  gases  and  liquids  due  to  rainy  and  dry  periods.  V-K  curves  have  been 
determined  for  all  major  high  strength  aluminum  alloys  [46,48,73] . Generally, 
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lig.  15.  Sustained-load  flaw  growth  in  pure  hydrogen  gas  |35|.  The  numbers  next  to  the 
points  indicate  the  extent  of  crack  growth  in  thousandths  of  an  inch. 
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TIME  TO  FAILURE  ld»y») 

Fig.  16.  Time  to  failure  by  strew  corrosion  of  smooth  specimens  stressed  in  the  short  trans- 
verse direction  and  expoied  to  three  different  environments  [42J.  From  Metal  Prog.  81  (No. 
4).  Fig.  8,  p.  85;  copyright  1962  by  the  American  Society  for  Metals.  Used  by  permission. 

the  shape  of  V-K  curves  resembles  the  one  in  Fig.  1 1 and  in  most  cases,  the  rules 
mentioned  in  the  previous  section  apply. 

Smooth  SCC  test  specimens  of  many  high  strength  aluminum  alloys  have 
hcen  exposed  in  the  stressed  condition  to  both  seacoast  and  inland  atmospheres. 
Typical  results  arc  shown  in  Fig.  16  [42] . Note  that  in  the  seacoast  atmosphere, 
all  alloys  listed  seem  to  have  the  same  smooth-specimen  threshold  stress  of  7 ksi. 
However,  in  the  inland  industrial  atmosphere,  alloy  7079-T6  cracks  not  only 
fastest  but  also  at  the  lowest  stress  levels.  This  is  consistent  with  the  results  for 
precracked  specimens  (73)  as  well  as  with  the  service  behavior  of  the  alloy.  A 
different  kind  of  comparison  of  the  SCC  resistance  of  high  strength  aluminum 
alloys  in  various  atmospheres  is  shown  in  Fig.  17;  the  probability  of  failure  of 
smooth  SCC  tests  specimens  is  compared  for  four  different  alloys  in  three  differ- 
ent environments.  Note  the  significant  high  percentage  of  failure  of  alloy 
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2014  TO  70/5  T6  TO  T9  T6  2014  T6  ’075  T6  70/9  T6  2014  T6  7075  T6  7079  16 
1 2034  T 4 J 2024  T4  _J  ^2024  14 


15%  (A  YIELD  STRENGTH  25%OF  YIELD  ST  RENGTH  50%  Of  YIELD  STRENGTH 

l it;.  17.  Comparison  of  the  probability  of  failure  of  smooth  sltesvcorroston-cracked  speo 
mens  in  several  environments  (42|.  from  Metal  Prog.  81  (No.  4),  p.  80,  Pip.  4; copyright 
I9b2  by  American  Society  for  Metals.  Used  by  permission. 

7U79-T6  specimens  mi  ;ni  industrial  atmosphere  when  stressed  to  only  1 S'”  of 
their  yield  strength.  II  more  attention  is  given  to  such  data  the  incidence  ot  SCC 
service  failures  in  future  designs  can  he  greatly  reduced.  Unfortunately,  the 
smooth-specimen  threshold  stress  level  from  3.5'S  NaCI  alternate-immersion  tests 
cannot  always  be  relied  upon  to  assess  the  SCC  susceptibility  of ’high  strength 
aluminum  alloys,  and  the  results  of  such  tests  do  not  indicate  any  difference 
between  many  alloys  when  tested  in  the  critical  short  transverse  direction  (see 
Table  21.  Here  is  a clearcut  case  where  the  method  of  determining  V-K  curves 
using  precracked  specimens  is  not  only  cheaper  and  faster  than  oihe-  methods, 
but  it  also  shows  quantitatively  just  how  much  more  susceptible  than  other 
alloys  7()7‘)-T6  really  is  as  will  be  seen  later  in  this  chapter. 

Aqueous  Solutions 

Distilled  water  and  most  aqueous  solutions  can  cause  SCC  of  suscepithle  high 
strength  aluminum  alloys,  for  most  alloys  (c. g.,  alloy  7075-Th5  I ) the  crack 
velocity  is  about  the  same  in  distilled  water  as  in  moist  air.  The  lew  cations 
tested  to  date  in  aqueous  solutions  (i.c..  la*.  Na*.  K*.  Rb*.  Cs*,Ca**.  Al***. 
NH4*I  do  not  appesr  to  have  any  specific  effect  on  the  growth  of  stress  corro- 
sion cracks,  except  that  they  influence  the  solubility  product  and  thus  can 
govern  the  concentration  of  .specific  anions.  Among  the  anions  tested  so  far. 
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only  chloride,  bromide,  and  iodide  have  been  observed  to  accelerate  the  growth 
of  stress  corrosion  cracks  above  and  beyond  the  velocity  measured  in  water  It 
has  been  shown  that  the  stress-corrosion  crack  velocity  in  region  II  of  the  V-K 
curve  of  alloy  7079-T65 1 depends  linearly  on  the  halide  ion  concentration  when 
concentrations  of  2 X 10'^  moles/iiter  are  exceeded  [46,72 1 . 

Time-to-failure  tests  can  be  used  in  some  cases  as  a first  approximation  to 
indicate  whether  an  environment  will  cause  rapid  failure  of  a part  under  stress.  A 
summary  of  such  TTF  test  results  is  given  in  Table  3 [60,74| . Note  in  Table  3 
that  for  alloy  7075-T651,  the  shortest  failure  times  are  always  measured  in 
solutions  containing  chloride. 

Effect  of  Electrochemical  Potential 

The  effect  of  an  applied  electrochemical  potential  on  stress  corrosion  crack 
growth  in  high  strength  aluminum  alloys  has  been  studied  in  detail  [46,73|. 
Some  of  the  results  can  be  summarized  as  follows: 

• In  .? trough  acidic  aqueous  halide  solutions  the  stress  corrosion  crack 
velocity  in  region  II  of  the  V-K  curve  is  independent  of  the  applied  electro- 
chemical potential;  i.c.,  cathodic  protection  against  stress  corrosion  cracking  in 
such  solutions  is  impossible. 

• In  neutral  aqueous  halide  solutions,  there  exists  a potential  range  within 
which  the  crack  velocity  depends  exponentially  on  the  applied  electrochemical 
potential,  and  can  be  markedly  reduced  by  negative  potentials.  Thus,  cathodic 
protection  appears  possible.  The  potential  dependence  of  the  crack  velocity  is 
further  influenced  by  the  halide  ion  concentration  of  the  solution  and  the  metal- 
lurgical parameters  of  the  alloy. 

• At  very  noble  applied  anodic  potentials,  the  crack  velocity  is  independent 
of  potential,  evert  in  concentrated  neutral  aqueous  halide  solutions. 

Effect  of  pH 

Qualitative  studies  of  pll  on  stress  corrosion  cracking  of  high  strength  alumi- 
num alloys  abound.  There  is  general  agreement  that  the  occurrence  of  S CC  in 
chloride  solutions  is  markedly  reduced  as  the  solution  is  made  increasingly  alka- 
line 1 5 5 J . Sometimes  it  is  possible  to  prevent  SCC  of  aluminum  alloys  by  re- 
stricting their  application  to  an  environment  with  a pll  larger  than  a fixed 
minimum  |7S|.  Acidifying  the  solution  usually  reduces  the  time  to  failure. 
Typical  results  for  smooth  specimens  are  shown  in  Fig.  IS. 

Quantitative  studies  of  the  crack  growth  rate  as  a function  of  stress  Intensity 
and  pll  in  aqueous  halide  solutions  [46,73)  can  be  summarized  as  follows: 

• Region  II  crack  velocity  is  almost  mdependent  of  pll  between  pH  I and 
pH  II. 

• Region  I of  the  V-K  curve  is  displaced  to  lower  stress  intensities  when  the 
pll  is  reduced  to  values  smaller  than  3. 
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Table  3.  Time  lo  Failure  by  SCC  of 
Aluminum  Alloys  in  Various  Aqueous  Environments* 
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MEDIAN  FAILURE  TIME  l"'«ll 

Fig.  1 9.  Effect  of  stress  and  temperature  on  time  to  failure  by  SCO  of  alloy  7039-T64  [ 78 1 . 
From  Symposium  on  Stress  Corrosion  Testing,  Atlantic  City,  1966,  STP  425;  copyright  by 
the  American  Society  for  Testing  ami  Materials.  Used  by  permission. 


alloys.  Typical  data  arc  shown  In  Fig.  19.  Extensive  measurements  of  the  effect 
of  temperature  on  stress-corrosion  crack  velocity  [46.73 1 can  be  summarized  as 
follows: 

• Stress  corrosion  crack  velocity  in  region  I of  the  V-K  curve  of  high 
strength  aluminum  alloys  in  concentrated  aqueous  halide  solutions  depends 
strongly  on  temperature  with  an  apparent  activation  energy  of  27  kcal/mole. 

• Stress-corrosion  crack  velocity  in  region  II  of  the  V-K  curve  is  not  so 
strongly  influenced  hy  the  tempera! utc.  A typical  measured  apparent  activation 
energy  is  4 kcal/tnolc. 

Effect  of  Solution  Viscosity 

The  effect  of  the  viscosity  of  a 2 -M  aqueous  Kl  solution  on  the  velocity  of 
stress  corrosion  cracks  in  alloy  7079-T65I  has  recently  been  measured  |40.73|. 
It  appears  that  viscosity  affects  only  the  plateau  of  the  V-K  curve,  and  that 
region  I crack  growth  is  not  influenced.  Experimentally,  a linear  functional 
relationship  has  been  found  between  the  stress-independent  crack  velocity  .mu 
the  reciprocal  solution  viscosity. 
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HNO3  and  Inhibited  Red  Fuming  Nitric  Acid 

The  few  experimental  data  available  on  the  effect  of  concentrated  nitric  acid 
(70.9%)  on  the  growth  of  SCC  cracks  in  alloy  7079-To51  indicate  that  the  crack 
velocity  is  equal  to  or  close  to  that  measured  in  distilled  water  |46j.  Smooth 
specimens  of  a number  of  high  strength  aluminum  alloys  were  tested  in  hot 
(165°  F)  inhibi'ed  red  turning  nitric  acid  (1RFNA)  [79|.  The  results  are  illus- 
trated in  Fig.  20.  Note  that  the  highly  stressed  7075-T7351  specimens  that  were 
resistant  in  3.5*7?  NaCI  failed  in  the  hot  IRFNA,  as  did  7075-T651.  Alloys 
606I-T6.  2024-T85I.  and  22I9-T87  apparently  are  resistant  to  SCC  in  IRFNA. 


I ig.  20.  Comparison  of  smooth-specimen  resistance  to  SCC  of  various  alloys  in  inhibited  rest 
funumi  nitric  acid  at  I 65  I and  in  3,5'  • NaCI  alternate  immersion  [ 79 1 . f rom  Proceedings  o) 
Conference  on  liou.aintnlal  Aspeen  of  Stress  Corny  ion  Cracking.  1969.  p.  24.1  ic.  I ; copy- 
right by  the  National  Association  of  Corrosion  I neinccrv  Cscil  hv  permission. 


Nitrogen  Tetroxide 

Nitrogen  tetroxide  has  been  considered  as  an  oxiui/.er  in  lit|uid  fuel  rocket 
propellants.  However,  certain  high  strength  aluminum  alloys  are  susceptible  to 
environment-induced  subcritical  crack  growth  in  N1O4  |36|,  The  effect  of 
applied  stress  intensity  on  growlft  ol  suifacc  (laws  in  alloy  202!  exposed  to 
N /O4  is  shown  in  F ig.  21  |.36j.  An  apparent  threshold  is  designated  K ///.  The 
numbers  next  to  the  data  points  indicate  the  extent  of  crack  growth  in  thou- 
sandths of  an  inch.  It  is  apparent  that  subcritical  crack  growth  occuis  at  stress 
intensities  much  lower  than  A'|(..  The  fjel  that  the  threshold  stiess  intensity 
Kfn  is  only  10.0  ksi\/m.  for  alloy  2021-181  is  quite  likely  to  cteale  functional 
problems  if  the  alloy  is  used  to  make  piessmi/ed  NT>4  storage  vessels. 

Organic  Liquids 

Stress  corrosion  cracking  of  high  strength  aluminum  alloys  in  oil  has  been 
observed  I'm  some  tunc,  hut  only  recently  has  the  growth  ot  stiess  corrosion 


extent  of  eraek  growth  tr.  thousandths  of  an  inch. 
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CRACK  GROWTH  RATt  jj."  ,'m.nl 

I II:.  22.  I Hod  »f  siress  intensity  on  strcss-c<irrusi<in-crack  growth  rale  ol  a high- 
strength  aluminum  allot  immersed  in  etlianol  |Mll|.  I ron)  J Mater.  4 |No.  2),  p. 
747.  lip.  12;  inpy  lie'll  I 1969  hv  the  American  Society  for  Testing  and  Materials, 
t'sed  b>  permission. 


aacks  been  qualitatively  studied  as  a ('unction  of  crack-lip  stress  intensity  in 
various  organic  liquids  [46,80,8  1 1 One  of  f lie  first  published  results  is  shown 
in  fig.  22,  where  the  crack  growth  rale  of  alloy  7075  - [ fs  5 1 in  ethanol  is  plotted 
as  a function  of  the  plane-strain  crack-tip  siress  intensity.  A linear  relationship 
between  crack  velocity  and  siress  intensity  was  reported  for  alloy  7075-T651  in 
both  ethanol  and  carbon  tetrachloride,  f rom  the  intersection  of  the  straight  line 
will)  (lie  . stress  a\is,  A |s< , was  estimated  to  he  7 >o  ksi  \/in.  in  ethanol  and  10 
to  12  ksi  s/hn  in  carbon  tetrachloride  |X0| . It  was  thought  that  crack  propaga- 
tion was  not  due  to  traces  of  water  hi  the  organic  liquids  (80,81 1.  Note  that 
these  results  were  generated  with  cracks  in  the  WL  orientation  and  that  the 
cracking  mode  was  observed  to  he  mixed  traiisgrauulai  and  intergranular  |8I  j 
The  velocities  of  stress  corrosion  cracks  in  the  TL  direction  ill  alloy 
7075-T05I  immersed  in  lliglit  fuel,  engine  oil.  and  Iwo  liydiaulic  fluids  have 
recently  been  measured  and  were  lotind  to  he  very  similar  to  the  crack  velocities 
in  many  othei  commercially  available  organic  liquids  and  also  similar  to  the 
stress-corrosion  ciack  velocity  in  moist  air  of  about  TO'.i  relative  humidity  ( 7 7 ( . 
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Liquid  Metals 

Ml  high  ticugtli  aluminum  alloys  ate  susceptible  lo  mlergiamiiar  liquid-metal 
emhiiltleme>il  (I  Ml  I II i e lollowmg  liquid  metals  have  been  found  to  embrittle 
.lluiniimn.  alloys:  I Ig.  < ia,  Na.  In.  Sn,  and  /n  |,H2|  . The  el  I eel  of  liquid  mercury 
on  suhenticul  crack  growth  ol  high  strength  aliimiuuin  alloys  at  room  tempera- 
I nrc  has  beeii  intensively  investigated.  In  contrast  to  (lie  historical  i l l lest,  the 
1 1 ae lute  mechanics  approach  allows  quanti.  live  measurement  ol  crack-tip 
velocity  as  a timet  ion  of  crack-tip  stiess  intensity.  At  high  suhcritical  stress 
intensities,  the  l Ml:  ctack  growth  rate  in  most  high  strength  aluminum  alloys  is 
typically  about  in'1  in. /hr.  |73|.  At  very  low  stress  intensities,  t lie  crack  velocity 
is  so  sliongly  si  ess  dependent  that  it  is  almost  meaningful  to  speak  of  a tluesh 
old  stress  intensity  A.t/  below  which  crack  growth  is  not  measmeahle. 
Tvnical  i.  ..lines  of  high  strength  aluminum  alloys  in  mercury  at  ambient 
temperature  scalier  around  I ksi  s/iu.  |73| . 


4.4  Metallurgical  Aspects  and  Alloy  Development 
Aluminum-Magnesium  Alloys  (5000  Series) 

VViought.  strain-hardened  Al-Mg  alloys  :<re  used  because  they  combine  corro- 
sion resistance  with  good  formabilitv.  weldability,  and  medium  strength.  Alloy 
compositions  for  several  common  5000-series  alloys  are  listed  in  Table  I.  Me- 
chanical. fracture,  and  corrosion  properties  are  listed  in  Table  2. 

Temper  Designations.  Commercial  Al-Mg  Alloys  are  strengthened  primarily 
by  stiain  baldening.  A brief  description  ol  the  symbols  used  to  indicate  I he 
amount  ol  strain  hardening  is  given  below. 

Strain-hardened  commercial  alloys  are  identified  by  the  letter  II  in  their 
temper  designation.  The  first  digit  following  the  II  indicates  whether  the 
inatenal  lias  been  strain  hardened  only  (III),  strain  hardened  and  thou  partially 
annealed  (112).  or  strain  hardened  and  then  stabilized  (113).  Ihe  digit  following 
III,  112.  oi  113  indicates  the  tinal  degree  of  strain  hardening.  These  digits  range 
from  0 (annealed)  to  X (full  work-hardened,  or  about  75' I reduction  of  areal, 
lire  third  digil,  when  used,  indicates  a variation  of  t lie  two-digit  II  temper,  l or 
example.  11323,  11343.  IIIKi.  and  III  17  apply  to  products  specially  lahiicalcd 
lo  have  acceptable  resistance  to  SCC  or  exfoliation  resistance,  l or  more  detailed 
inhumation  about  temper  designations,  see  Kef.  2. 

Microstructure  and  SCC.  Rapid  cooling  ol  Al-Mg  alloys  can  result  m a super- 
salui.itcd  solid  solution.  However,  no  appreciable  precipitation  hardening  is 
observed  with  these  alloys  because  the  precipitation  reaction  is  sluggish  at  room 
temperature.  Il  is  accelerated  by  deformation  (cold  work),  by  exposure  lo 
elevated  temperatures,  and  by  higher  magnesium  content,  l.ach  ol  these  (actors 
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ply  vs  an  impoitant  role  in  determining  the  susceptibility  to  SCC  of  Al-Mg  alloys. 
I lie  etleet  ol  each  ol  these  variables  on  the  snseeptibihtv  to  SCC  ol  Al-Mg  alloys 
is  illustrated  in  f igs.  ’.1  through  '(• 

It  lii».i  been  i nought  tiiai  preferential  piccipitation  along  the  gram  boundary 
in  the  lorm  of  a eonlinuous  film  causes  susceptibility  to  SC'C  in  50(X)-seites 
alloys,  Consequently,  Iwu  ways  have  been  proposed  to  produce  SCC-resislanl 
miciosliuclures:  Keep  the  grain  boundaries  free  of  a continuous  film  of  nre- 
cipitates.  or  stimulale  precipitation  throughonl  the  grains.  The  first  approach  is 
succcsstul  if  the  magnesium  content  of  the  alloys  is  limited  to  about  In 
alloys  ol  higher  magnesium  content,  however,  a network  of  continuous  grain- 
boundaty  precipitates  can  develop  during  precipitation  at  ambient  temperatures, 
lo  simulate  long-time  atmospheric  temperature  aging,  a sensili/ing  treatment 
consisting  of  healing  al  2I2T  for  7 days  is  often  used.  At  ambient  temper- 
atures. it  is  not  known  how  fast  continuous  networks  will  develop,  but  the 
probable  time  is  from  several  years  to  as  long  as  50  years.  However,  under  equal 
metallurgical  and  exposure  conditions,  it  will  take  much,  longer  to  develop  a 
network  in  an  alloy  with  a low  magnesium  content  (i.e..  50M(>  willt  4.0' I Mg) 
than  in  an  alloy  with  a high  magnesium  content  (i.e..  545<)  with  5.1'i  Mg).  To 
avoid  SCC  and  especially  exfoliation  corrosion,  this  factor  should  he  given 


I ig.  23.  Ilfectsol  lime  and  tcinpciatnrc  on  sensitization  to  SCC  in  an  AI-5.IS'tMg-(l.(t3'? 
Cu-0.22';  I e-fl. 1 l'fSc-().  I I Mn-0.  I il'tCr-0. 1 0','  Ti  alloy.  Daia  were  obtained  on  simple  be-.;', 
specimens  loaded  to  75';  of  yield  strength  and  exposed  to  the  3 S'J  NaCl  alternate-immersion 
tesl  ( K 3 1 . I lom  Corrosion  15.  p.  581,  lay.  9;  copyright  1959  by  the  National  Association 
ol  Corrosion  I ngineers.  Us ed  by  permission. 
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Ilf.'.  24.  Stress  corrosion  rests  tame  of  slresseil  preformed  spe,  miens  of  several 
alloys  of  Al-Mp-Mn  alloy  sheet  (<i.(M>4  in.)  exposed  to  2.5  NaC'l  solution  by 
alternate  immersion  Iri  the  O temper,  alloys  with  Mg  eon  tent  up  to  5.5’ ; 1 54  5fs ) 
exhibit  an  excellent  resistance  to  SCC  Stram-liardeiled  and  stabilized  tempers 
such  as  11.14  have  a low  resistance  when  Mg  content  is  in  the  4.0  to  5 5 ; range,  a' 
in  alloys  5083  and  5456.  Special  tempers  such  as  11543  have  been  developed  to 
provide  a high  resistance  to  S<  C for  the  latter  alloys  1 5 5 ) 

serious  consideration.  ami  i(  should  lead  to  a choice  of  50X0  over  545(i  unless 
I he  extra  strength  of  5456  is  needed  | K4 1 . (See  also  fig.  24.) 

Another  method  of  achieving  a SCC-rcsistanl  micros!  rue  lure  in  A! -Mg  alloys 
containing  45»  to  X'-'  magnesium  has  been  described  as  follows  |X5| . Alter 
’lomogeni/ing  in  the  a solid-solutiot.  region  (X00  to  1050’T).  the  alloys  are  hoi 
rolled  and  annealed  between  600  and  HOOT  to  remove  the  effects  of  work 
hardening.  Alter  tooling,  the  supersaturated  solid  solution  is  cold  worked  at 
tempctaunes  below  500  f . with  a reduction  in  cross  section  of  at  least  20''. 
This  cold-worked  mater ial  is  then  subjected  to  thermal  treatment  to  produce  the 
extensive  general  precipitation  of  the  d phase  required  to  improve  resistance  to 
SCC.  This  treatment  consists  oi  heating  to  a teinperaane  between  400  to  525  I 
lor  a period  of  from  2 to  24  hr.  Then,  to  achieve  the  desired  strength,  the 
material  is  cold  worked,  with  a nduction  tit  cross  section  of  between  10  and 
Mi. 

These  and  other  treatments  provide  tempers  -villi  increased  stress  corrosion 
resistance,  fxainples  are  the  11321.  11323.  11343,  HI  16.  and  HI  17  tempers  for 
AI-5'<Mg  alloys  50X3  and  545<>  1 1 .75.X4.X6.X71 

SCC  and  Exfoliation  eorrosion  in  Commercial  Al-Mg  Alloys.  The  authors  are 
not  aware  ol  any  service  stress  eorrosion  problems  with  Al-Mg  alloys  containing 
less  than  3.5','  magnesium.  SCC  in  AI-5'JMg  alloy  rivets  lias  occurred,  however. 
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allci  exposure'  of  I he  malcnal  t < > tropical  tcmpciuturcs  (XX|  . I lie  l.ulures 
die  in  led  at  the  pincUon  td  the  shank  and  head,  where  the  uvet  had  been 
seveielv  mid  worked  dining  diivng 

I he  stress  corrosion  crack  growth  in  alloy  .‘'45b  in  the  more  lesislant  1152  I 
temper  is  very  slow  , hat  nevertheless  the  alloy  is  not  annul  ie  loSCC  |75j  This 
alloy  is  also  susceptible  to  exfoliation  and  intergranular  corrosion,  as  the  Navy 
has  experienced  in  a nnnibei  of  marine  vessels  where  pitting,  exfoliation,  and 
intergranular  corrosion  occtiricd  in  the  bilges  and  decks.  The  alloy  5(.M<>-1 152  can 
also  he  susccj  fihle  to  these  lo'ins  of  attack  although  its  lower  magnesium  con- 
tenl  makes  it  much  less  of  a problem.  To  eliminate  these  problems  with  the 
1(521  temper,  two  new  tempet , designated  llllb  and  11117  a-e  recommend'd. 
These  tempers  apparently  eliminate  the  continuous  grain-houndaiy  film  of 
MgsAlg.  All  production  lots  ate  examined  melallographically  and  compared  with 
standaid  photomicrographs  to  verify  that  each  lot  has  a itiicros'ructure  ilia1  is 
predominately  tree  of  a continuous  grain-boundary  network  of  Ai-Mg  pie- 
cipilate  |X4|. 

In  addition  to  metallography  examination  lechniipies.  aeeelerated-coirosion 
lests  for  determining  susceptibility  to  exfoliation  eoriosion  in  5000-series  alloys 
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I ig.  25.  If  feet  ol  heating  on  resistance  to  SC'C'  of  stressed,  pretormed  spec- 
imens of  Al-Mg-Mri  alto)  sheet  (11.064  in.)  exposed  to  ,1.5b'  N.i(  ! solution  by 
alternate  immersion.  Snip  specimens  of  O temper  slicel  were  ptasneally  de- 
formed at  room  temperanirc  prior  to  the  200°  I-  exposure.  Only  the  lower- 
magnestum-eontenl  alloy  5454  maintained  a high  resistance  to  SC'C  after  pro- 
longed heating  al  200  T (551-  from  Proceedings  of  Conference  on  h'tmda 
mental  Aspects  <> ) Stress  Corrosion  Cracking.  1960.  p.  476.  t ig.  Ill,  copy- 
right hy  the  National  Association  ;>!  Corrosum  1 ngincers.  Used  by  per- 
mission. 
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have  w •cut K hoc (i  developed  | One  method.  designated  tlio  seawater 

aiclic  acid  test  (SWA, VI  ),  n.. ol.es  a week long  exposure  in  an  acidified  salt  lug 
al  I 20" I- . TIk1  to- si  cycle  involves  30  min  of  continuous  spraying  followed  by  'Hi 
mm  with  the  spray  oil  |'>0j.  This  lest  l.as  recently  been  adopted  upon  recom- 
mendation of  the  Aluminum  Association  as  a method  of  piedicting  exfoliation 
coirosion  resistance  in  the  Al-Mg  alloys  for  boat  and  ship  hull  construction  |l>(). 
‘>-1 

Anothei  accelerated  test  for  exfoliation  and  intergranular  corrosion  suscepti- 
hility  under  consideration  lor  incorporation  in  Inline  specifications  ins. lives 
total  immersion  of  the  alloy  for  24  hr  in  a solution  of  I M ammonium  chloride. 
0 25  .U  ammonium  nitrate.  0.01  M ammonium  ta-'rate.  and  Ag/ liter  hydrogen 
peroxide  maintained  al  150  I |‘>  I j.  This  test,  designated  the  ASS  if  immersion 
les'.  is  somewhat  simpler  to  perform  than  the  SWA  AT  test  and  requires  a con- 
siderably sluuter  test  period.  Materials  showing  exfoliation  or  intcrgr  i tular 
attack  in  either  ol  these  tests  are  considered  unacceptable  lor  boat  or  ship  bull 
construction  |00 ,‘>2| . 

5000-Series  Alloy  Development.  X5000  is  a recently  developed  Al  7'»Mg 
strain-hardened  and  stahth/ed  alloy.  The  composition  limits  for  this  alloy  are 
shown  in  Table  1.  As  noted  earlier,  cold-roiled  and  stabilized  tempers  c Al-Mg 
aiioys  with  magnesium  contents  above  5V'  usually  are  extremely  susceptible  to 
SCC  This  problem  apparently  has  been  overcome  with  the  X50*)()  alloy,  which 
was  developed  specifically  to  provide  an  alloy  with  the  improved  strength 
afforded  by  a magnesium  content  greater  than  5'-  and  a high  resistance  to  SCC 
in  the  temper  rolled  and  stabilized  condemns.  I’looessing  techniques  for  this 
alloy  are  slill  proprietary,  and  the  only  known  difference  between  X 50*10  and 
other  Al-Mf,  alloys  besides  its  higher  magnesium  content  is  the  addition  of  small 
amounts  of  beryllium  and  boron  ( fable  I ). 

flic  corrosion  and  stress  corrosion  resistance  of  X50‘>0  are  being  determined 
using  two  techniques.  One  method  involves  exposing  preformed  long  transverse 
U-bond  specimens  to  a marine  atmosphere.  To  date,  specimens  of  X 50*10  m 
about  the  1154  temper  have  been  exposed  more  than  5 years  in  this  atmosphere 
without  failure.  Otltc,  specimens  in  the  115b  and  1158  temper  have  been  exposed 
lor  nearly  5 years  without  failure  (*)3| . 

During  the  development  ot  X50*K),  an  accelerated  laboratory  lest  for  stress 
corrosion  susceptibility  was  also  developed.  In  this  test,  long  transverse  tension 
specimens  are  deadweight  loaded  to  K0V  of  their  0.2'.'  yield  stress  and  exposed 
t i an  aqueous  7',,'NaCI  + 0.00b  M NallCOy  solution.  During  testing,  an  external 
anodic  current  is  applied  An  empirical  correlation  between  the  life  of  ihc  speci- 
men in  the  anodic  tensile  stress  corrosion  lest  and  the  life  of  l!-bcnd  specimens 
exposed  to  the  marine  atmosphere  has  been  observed  and  is  shown  in  lug.  27. 
On  the  basis  of  this  correlation  it  has  been  concluded  that  material  with  an 
anodic  tensile  liie  greater  than  15  to  15  In  will  not  fail  when  exposed  to  the 
marine  atmosphere,  and  therefore  it  has  excellent,  practical  xticss  corrosion 
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I tg . 27.  Accelcrati-d  anodic  ici'mIc  life  vs  niarmv-airTiospticrc  exposure  life  ol  I -i  end  spec- 
imens or  alloy  \S090  |97|.  I rom  ( ammo”  l’cr)</rmamr  of  MKl.-AH.  Report  MRL-7U- 
I'K-I  I s'h.  19.  19711,  tope riylit  In  the  Olin  Meials  Research  I sl'or.1  U'tk's.  t,\ed  In  per 
mission. 


resistance  |'M|.  Hie  XMNU  ailoy  in  ihe  H.sls  icmpci  ,y,.iv..!!>  has  ....  anodic 
tensile  life  u!  .0  tn  25  Itr.  while  less  strain-hardened  tempers  show  corn's, 
pondingk  longer  lives.  In  actual  practice,  production  lots  of  XStNO  are 
evaluated  using  the  anodic  ten  .'te  test  |‘>3| . 

In  addition  to  excellent  stiess  corrosion  resistance,  X5090  apparently  also 
posses.,es  excellent  m«i<u:inc.i'  to  general  and  locali/.ed  corrosion,  including  pitting 
and  exfoliation.  l ive-year  test  results  from  a 20-yeai  test  progr.c  ’,  I »<po 
ducted  ui  a marine  atmosphere  have  been  reported  |‘)7|  These  results  indicate 
that  X50‘>0  exhibits  pitting  resistance  equal  or  superior  to  that  of  50S(>-0  and 
50ho  1124,  which  are  known  to  possess  excellent  resistance  to  pitting  corrosion. 
Whereas  ‘'  ire  2024-T2  and  7()75-T(r  test  panels  have  shown  typical  exfoliation 
corrosion.  X5()'H)  has  been  found  to  be  essentially  resistant  to  marine  atmos- 
pheric exfoliation  corrosion  alter  5 years’  exposure. 

lo  nunc  fully  ehataeteri/e  XS0‘K).  test  data  in  several  other  areas  are  re- 
turned These  include 

• Low-temperature  mechanical  and  fracture  properties 

• Coriosiort  characteristics  in  industrial  atmospheres 

• Corrosion  characteristics  alter  various  exposure  limes  at  scvcial  elevated 
temperatures  that  may  he  encountered  tn  service  or  during  assembly  (adhesive 
bonding  cycles) 

• fatigue-crack  growth  rate  properties  in  various  environments 

• fatigue  tests  of  built-up  structural  panel-  to  determine  whether  the  smooth 
latiguc  properties  adequately  reflect  actual  performance  in  structural  applica- 
tions 
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Ahiiiiiiium-Maguesium-Silicoii  Alloys  (6000  Series) 

Alloys  ol  the  (>00(1  -Olios  ;i i o usoii  in  ;i|’plio.illniis  requiring  intermediate 
sticnglh  and  .i  high  losisi.moo  in  couosion  .mil  SCC  Alins  compositions  tm 
sosoi.il  . ilium  bOOO-sctics  alloys  aio  listed  in  I able  I M-'i  li.uik.il.  Iraolmo, 
and  conosiou  propoilios  aio  listod  in  I ablo  2. 

( oninicu  i.il  alloys  hasod  on  llio  loinaiy  system  Al-Mg-Si  (bOOd  sonos)  .no 
stienglhcned  by  ptooipilalioii  hardening. 

Although  the  Al-Mg-Si  alloys  aro  highly  resist  a nl  to  ooirosion  and  io  SC( 
|ss.'M|.  ooi  lam  abnoinial  ihonnal  Iroalmonls  call  m.il'O  those  alloy  s susceptible 
to  S<  ( in  the  natuially  aged  14  condition  This  occurs  when  a high  solution 
heat-treating  toni|>ciali no  is  used,  followed  by  a slim  quench  (55.05)  I veil  in 
this  condition.  SCC  on  transverse  b0bl-T4  specimens  has  occinred  only  on 
highly  stiossod.  plastically  deformed  (preformed I specimens  and  not  on  tensile- 
ty  po  specimens  stressed  to  75..  ol  the  yield  strength.  Aging  the  slowlv  quenched 
hO(>l-T4  material  to  the  Tb  temper  eliminates  the  SCC  tendency  [55 1 . 

Aluminum  Cupper-Magnesium  Alloys  (2000  Series) 

Al-Ctt-Mg  alloys  were  the  li  heat-treatable,  htglt  strength  aluminum  alloys 
and  today  they  are  still  among  the  most  popular  and  useful.  Chemical  conipi'M- 
lions  toi  the  most  widely  used  commercial  2000-series  alloys  are  listed  in  Table 
I . Mechanical.  fraclure.  and  corrosion  properties  ate  given  in  Table  2. 

Al-Cu  and  Al-Cu-Mg  alloys  derive  their  high  strength  from  precipitation 
hardening.  Ibis  is  achieved  by  solution  heat  tieatment.  followed  by  rapid  cool- 
ing and  either  natural  aging  at  room  temperature  (14  temper!  or  artificial  aging 
at  intermediate  temperatures  (Tb  temper).  Cold  working  alter  the  quench 
t 1 * ? ? her  ncreases  strength,  resulting  in  :l.v  15  temper  -md  when  artificially  aged, 
the  Tb  temper. 

Susceptibility  to  SCC.  In  the  naturally  aged  15  and  T4  tempers,  2000-series 
alloys  such  as  2024.  2014.  and  2210  are  highly  susceptible  to  SCC  In  the  'hurt 
transverse  direction  ( Table  2).  liven  in  (he  artificially  aged  Tb  tcmpei.  2014  is 
susceptible.  I samples  lor  in-service  SCC  ol  these  alloys  attesting  to  this  suscepti- 
bility can  he  found  in  recent  literatme  |54,Ob| . Cor  example,  SCC  of  machined 
2024-14  parts  has  occurred  fairly  recently  on  the  Saturn  V Apollo  moon  rocket. 

lyptcal  V-K  curves  foi  these  three  alloys  are  shown  in  Tig.  2<S.  Cracking  in 
both  regions  I and  II  (defined  earlier)  Is  apparent.  Similar  V-K  curves  lor  the 
naturally  aged  2024  and  2210  alloys  and  the  artificially  aged  2014  Tb  alloy 
agree  well  with  the  fact  that  all  these  alloys  have  similar  low  stress  corrosion 
resistance  based  on  ITT  data  (Table  2 and  Tig.  lb).  In  addition,  the  survival  rate 
data  in  Tig.  17  show  that  201 4-Tb  and  2024-T4  have  similar  low  resistance  when 
stressed  in  the  short  transverse  direction. 

Data  lor  alloy  His  58  (?b IX)  ,rp  shown  in  Tig.  20.  The  high  apparent  A|v<( 
value  is  in  line  with  the  high  smooth-specimen  threshold  stress  reported  lor  this 
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I ig  2H  typical  V k curves  l\tr  souk  20(M)-vi.  hey  jilt 
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alloy  (Table  2)  The  lact  dial  (lie  maximum  growth  tales  reported  lor  KR.5K 
(l  ig.  2'))  are  nearly  an  older  of  niagnilnde  greater  than  those  of  the  susceptible 
alloys  2024-T2,  20I4-I(>.  and  22l''  T47  d ig.  2K)  ts  somewhat  surprising. 

Effects  of  Quench  Rate.  Ihe  effect  of  quench  rate  on  susceptibility  to  stress 
corrosion  and  intergranular  corrosion  ts  illustrated  in  fig.  40.  Note  that  at 
quench  talcs  taster  than  a certain  lirtiil  (which  depends  on  alloy  composition ) no 
susceptibility  to  SCC  is  found.  At  slower  quench  rates.  SC'C  and  intercrystalline 
corrosion  may  occur  It  appears  that  Al-Cu  and  Al-Cn-Mg  alloys  can  indeed  be 
.susceptible  to  SCC  even  if  they  arc  not  susceptible  to  intergranular  corrosion  in  a 
NaCI-llyOi  solution. 


I ip.  30.  I lice  I ol  quenching  rate  on  suscoptibiluy  to  intergranular  corrosion  and  SCC  tor  wunc 
2000-series  alloys  1 55,74,98 1 . I rom  Proceedings  of  Conference  on  f undamental  Aspes  Is  of 
Stress  Corrosion  Cracking,  1969.  p.  484.  I ly.  23;  copyright  by  the  National  Association  of 
Corrosion  Tnginecrs.  I sed  by  permission. 


lip  31  I licit  of  temperature  on  the  time  required  lor  sensitization  to  stress 
corrosion  of  l>.l)5?  in. -thick  2024-T3  sheet  1 100). 

and  then  decreases.  The  higher  the  temperature,  the  shorter  the  time  required 
lor  seiisiti/ation.  figure  T|  stimmari/es  data  obtain  over  a range  of  temperatures 
(100).  These  data  are  of  interest  since  it  is  often  necessary  to  subject  2024-T.3 
to  medium  temperatures  (around  2S0°T)  dining  curing  of  certain  adhesively 
bonded  structures.  In  addition,  temperatures  around  250°F  are  near  the  skin 
stagnation  temperature  of  aircraft  operating  at  Mach  2.  At  206° T the  alloy 
becomes  susceptible  to  intergranular  attack  alter  only  about  5 hr  of  exposure. 
Thus,  if  temperatures  of  2M>°T  were  to  be  encountered  during  2024-T3  pro- 
cessing, strict  controls  on  allowable  exposure  times  would  have  to  be  made  to 
ensure  against  sensitization  to  intergranular  attjek. 

Determining  Susceptibility  to  Intergranular  Attack  and  SCC  Resistance.  An 
electrochemical  test  has  recently  been  developed  for  predicting  the  stress  corro- 
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I ip.  32.  Time-potential  curves  in  C'ltrOH-CCl4  solution  (or. 22 1 9-T35 1 plate  aged  for  vari- 
ous periods  at  3.0”  I up  to  (fie  T85 1 temper  1 1 8 1 r at  350°  I > 1 1 01  ] . from  Corrosion  25. 
p.  202.  I ijt.  4;  copyright  1969  by  the  National  association  of  Corrosion  engineers.  I'sed 
by  permission. 

sion  performance  of  2210  alloy  products  in  the  T8SI  and  T87  tempers  (101 1. 
The  test  offers  an  attractive  possibility  tif  evaluating  the  performance  oi  22ll! 
products  quickly  as  an  alternate  or  supplement  to  tiie  conventional  30-das 
alternate-immersion  test  in  .3.5 V sodium  chloride  solution.  The  test  can  be 
completed  in  less  than  1 hr  and  requires  only  a simple  measurement  of  solution 
potential  of  an  unstressed  specimen  in  a mixture  of  absolute  methyl  alcohol  and 
carbon  tetrachloride.  Typical  potential  vs  time  data  for  221')  specimens  in  the 
T35I  to  T851  temper  range  aged  for  various  periods  at  350°T  are  shown  in  Tig. 
.32.  Note  the  large  difference  in  potential  (over  200  mV)  that  this  lest  provides 
between  borderline  and  resistant  material  after  potentials  have  stabilized. 

Recently,  a rapid  test  method  for  determining  the  resistance  to  exfoliation 
corrosion  was  developed  by  ASTM  Task  Group  G0I,  05.02-T.G.8.  This  test 
method  is  applicable  to  Al-C’u  (2000-series)  and  Al-Zn-Mg-Cu  (7000-series) 
alloys.  The  test,  designated  TXCO  test,  specifies  total  immersion  of  freshly 
etched  specimens  in  a solution  of  the  following  composition: 


STRESS  INTENSITY  (k«i1/7nl 


STRESS  CORROS  ON  CRACK  VELOCITY  (cm  « 
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4 .(TV  Na(l  + 0.5,V  KN()3  r O.I.Y  UNO 3. 

Testing  times  required  are  4K  iir  for  7000-series  alloys  and  9(>  hr  lor  2000-series 
alloys.  Specimens  having  a high  resistance  to  exfoliation  should  show  no  visible 
blistering  or  delaminalmn  after  tins  test. 

Aluminum-Zinc-Magnesium  and 

Aluminum-Zinc-Magnesium-Copper  Alloys  (7000  Series) 

The  precipitation-hardened  7000-series  alloys  arc  used  in  applications  re- 
quiring the  highest  strengths.  Composition  limits  for  this  series  of  alloys  are 
shown  in  Table  I.  Mechanical,  fracture,  and  corrosion  properties  are  listed  in 
Table  2. 

Susceptibility  to  SCC.  The  stress  corrosion  properties  of  most  of  the  7000- 
series  alloys  in  the  short  transverse  directon  are  now  quantitatively  known. 
Figure  32  shows  stress-corrosion  crack  velocity  as  a function  of  crack-tip  stress 
intensity  for  these  alloys.  These  data,  together  with  the  stress  corrosion  prop- 
erties given  in  Table  2.  can  be  used  to  quantitatively  rate  the  stress  corrosion 
performance  of  the  various  7000-scries  alloys. 

Note  the  inferior  stress  corrosion  resistance  of  the  low-copper-content  alloys 
7079-TD5 1 and  7039-T6I  and  T(>4.  Note  also  that  alloy  7079-T65  1 shows  by  far 
die  highest  stress  corrosion  crack  velocity  of  the  commercial  7000-series  alloys 
at  all  stress  intensities.  This  is  consistent  with  the  fact  that  the  majority  of 
service  SCC  failures  have  occurred  with  this  alloy.  Such  large  differences  in 
performance  between  the  various  7000-series  alloys  in  the  Tf>  temper  are  not 
reflected  in  the  SCC  threshold  data  from  smooth-specimen  TTF  tests.  The  poor 
service  performance  of  7079-T6  could,  however,  be  anticipated  from  the  survival 
data  shown  earlier  in  Fig.  17.  These  low  survival  rates  (42 1 and,  more  important, 
the  newer  quantitative  stress  corrosion  results  (Fig.  33)  and  actual  service  ex- 
perience itself,  dictate  that  alloy  7079-T6  be  eliminated  from  future  use  where 
there  is  any  possibility  of  sustained  applied  or  residual  tensile  stresses  in  the 
short  transverse  direction.  Other  alloys  with  good  strength  in  thick  sections  and 
better  stress  corrosion  resislancc  should  be  used  in  its  place.  Such  alloys  are  now 
available  or  under  development,  as  outlined  below. 

Effects  of  Quenching  Rate.  The  rate  of  cooling  from  the  solution  treatment 
temperature  through  a critical  temperature  range  (750  to  550°F),  has  a pro- 
nounced effect  on  both  the  resistance  to  corrosion  and  the  characteristics  ot  the 
corrosive  attack  for  copper-bearing  7000-series  alloys  like  7075-T6.  The  effect  of 
quenching  rate  on  the  mechanical  properties  and  type  and  extent  of  corrosion  in 
long  transverse  7075-T6  sheet  specimens  is  shown  in  Fig.  34.  Rapid  cooling 
produced  immunity  to  intergranular  corrosion  and  to  SCC;  cooling  rates  greater 
than  about  200°F/see  also  produced  maximum  tensile  properties.  Decreasing  the 
cooling  rate  to  about  40°F/sec  results  in  the  formation  of  coarse  precipitates  of 
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l ip  34  ! fleets  of  quenching  rate  on  tensile  properties  and  corrosion  resistance 
of  7075-Tb  sheet.  Stressed  and  unstressed  specimens  were  exposed  to  alternate 
immersion  in  3.5'  i Nad  solution  for  1 2 weeks  before  testing  1 102 1 . 

rj  or  rt  phase  in  the  matrix  and  in  the  grain  boundaries  resulting  in  a marked 
reduction  in  strength  and  a high  degree  of  susceptibility  to  intergranular  attack 
and  SCC  (55 1 . Further  decreases  in  cooling  rate  nearly  eliminate  susceptibilit) 
to  See  but  result  in  drastic  strength  losses. 

It  should  be  noted  that  the  beneficial  effects  of  high  quenching  rates  men- 
tioned above  for  7075-T6  sheet  are  relatively  insignificant  for  plate  and  other 
products  thick  enough  to  permit  stressing  in  the  short  transverse  direction 
relative  to  the  grains  Thus,  eveti  drastically  quenched  (>!000°F/sec)  short 
transverse  specimens  of  7075-Tb  machined  from  2-in. -thick  plate  stress  corrosion 
crack  in  sodium  chlonde  solution  at  stresses  as  low  as  1 1 ksi  even  though  they 
are  not  susceptible  to  intergranular  attack  in  the  absence  of  applied  stress  (551 
In  fact,  it  has  been  found  that  such  specimens  are  not  appreciably  more  resistant 
than  similar  specimens  quenched  at  rates  slow  enough  that  they  are  susceptible 
to  intergranular  attack  in  the  absence  of  stress  |55| . 
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f or  coppei-lrce  7000-series  alloys,  the  behavior  is  generally  opposite  to  that 
just  described  and  resistance  to  SCC  in  sodium  chloride  solutions  is  favored  by  a 
low  cooling  rate,  as  by  cooling  in  air  j 103.104) . 

Effects  of  Overaging.  As  shown  in  the  preceding  section,  all  high  strength 
7000-series  alloys  are  susceptible  to  SCC  when  aged  to  peak  hardness  (76 
temper)  and  stressed  in  the  short  transverse  direction,  furthermore,  composition 
changes  cannot  increase  appreciably  the  stress  corrosion  resistance  in  the  short 
transverse  direction.  As  in  the  case  of  the  2000-sertcs  alloys,  the  only  effective 
means  of  improving  short  transverse  SCC  resistance  in  7000-series  alloys  is  by 
artificial  aging  at  fairly  high  temperatures  (325°  to  350°F).  The  relationship 
generally  found  between  precipitation  hardening  end  resistance  to  SCC  is  illus- 
trated in  Fig.  35.  Note  that  during  aging,  the  minimum  resistance  to  SCC  is 
reached  before  peak  hardness  is  achieved.  Overaging  beyond  peak  hardness  im- 
proves resistance  to  SCC. 

Over  the  past  few  years,  a number  of  commercial  overaging  heat  treatments 
have  been  developed  lor  several  high  strength  7000-series  alloys  1 10,14,106. 
1 07 ) . The  T76  tempers  for  7075  and  7178  were  developed  primarily  to  improve 
resistance  to  exfoliation  corrosion.  A new  and  rapid  method  for  testing  resist- 
ance to  exfoliation  corrosion  for  these  alloys  (FXCO  test)  has  been  described 
earlier.  In  addition,  exfoliation  and  stress  corrosion  resistance  of  7178-776  and 
7075-T76  have  been  estimated  based  on  the  measurement  of  solution  potentials 
in  methyl  alcohol-carbon  tetrachloride  solutions  |108|.  The  test  procedures  and 
solutions  arc  similar  to  those  discussed  earlier  for  22 11);  again  the  test  requires 
less  than  an  hour.  Test  results  are  shown  in  Figs.  36  and  37.  Note  that  alloys 
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l ig.  35.  Relationship  between  strength  and  stress  corrosion  resistance  during  aging  of 
high-strength.  7000-vrics  alloys  { i 05 1 . 
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I ip.  36.  Comparison  of  the  ability  of  electrical  conductivity  and  CHjOII- 
CCI4  potential  to  distinguish  between  the  exfoliation-resistant  and  suscep- 
tible conditions  of  36  production  lots  of  7I78-T76  sheet  |108].  From 
Corrosion  26,  p.  116.  f ig.  It.  cop>  right  1970  by  the  National  Associa- 
tion of  Corrosion  Engineers.  Used  by  permission. 
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Fig.  37.  Comparison  of  the  ability  of  electrical  conductivity  and  CH3OH-CCI4 
potential  to  distinguish  between  the  exfoliation-resistant  and  susceptible  condi- 
tions of  31  production  lots  of  7075-T76  sheet  and  plate  and  four  experimentally 
aged  lots  of  0.6-in.  7075-T76  plate  1 108| , From  Corrosion  25,  p.  116,  Fig.  12; 
copyright  1970  by  the  National  Association  of  Corrosion  Engineers.  Used  by 
permission. 
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exhibiting  MCOH/CCI4  potentials  less  than  about  400  mV  vs  SCI  are  always 
round  to  be  exfoliation  resistant,  while  electrical  conductivity  values  greater 
than  381?  IACS  do  not  always  ensure  that  the  product  is  resistant.  It  is  not  yet 
known  whether  this  test  can  be  applied  to  extrusions  and  other  products. 

The  T73  heat  treatment  lot  7075  provides  a htgh  degree  of  stress  corrosion 
resistance,  regardless  of  minor  deviations  in  the  heat-treatment  practice.  A draw- 
tt  ick  of  the  T73  temper,  however,  is  the  loss  of  strength  of  about  145?  compared 
to  the  Tb  tempet. 

Verification  of  the  T73  temper  for  7075  is  usually  accomplished  using  hard- 
ness and  electrical  conductivity  data  (I09|.  The  methyl  alcohol-carbon  tetra- 
chloride solution  potential  test  is  also  being  evaluated  as  a method  for  verifying 
the  T73  temper  for  7075  (I08|.  Through  careful  control  of  heat-treating  vari- 
ables and  other  processes,  a T736  temper  for  alloys  7175  and  7075  has  been 
developed  that  provides  strengths  equivalent  to  those  of  7075-Tb  and  stress 
corrosion  resistance  intermediate  between  that  of  the  T7b  and  T73  tempers  1 7, 
1 4. 1 0| . Other  partially  overaged  alloy-temper  combinations  providing  improved 
exfoliation  and  stress  corrosion  resistance  are  7001-T75  and  X7475-T76I. 
Specific  properties  for  these  alloys  and  tempers  can  be  found  in  Table  2 and  Fig. 
33. 

It  should  be  noted  that  for  alloys  with  low  copper  content,  such  as  703*7  and 
7007,  overaging  treatments  arc  not  nearly  so  effective  as  they  are  for  other 
7000-series  alloys.  Alloys  with  low  copper  content  can  be  artificially  aged  to 
have  a high  resistance  to  SCO  in  the  longitudinal  and  long  transverse  directions, 
but  they  are  still  highly  susceptible  in  the  short  transverse  direction  1 55 ) . 

Oilier  overaged  intermediate-copper-content  alloys  such  as  X7080-T7  have 
presented  additional  problems  in  that  the  threshold  stresses  developed  after 
lengthy  exposures  to  industrial  environments  (3  years  or  more)  arc  lower  than 
those  determined  from  the  standard  3.5%  NaCI  alternate-immersion  lest.  Thus, 
this  boding-water-querichable.  thick-seetion-forging  alloy  initially  showed  an 
adequate  threshold  stress  in  aliernatc-unmersiou  tests  of  25  ksi  which  later  had 
to  be  lowered  to  I 5 ksi  based  on  industrial  environment  tests  ( 1 10|  Since  these 
data  were  published,  X7080-T7  has  essentially  been  removed  from  the  list  of 
candidate  thick -section,  high  strength,  SCC  resistant  alloys. 

Improved  resistance  to  SCC  through  overaging  is  accompanied  by  a loss  in 
strength.  It  has  been  the  goal  of  several  recent  research  projects  to  achieve  a ’.ugh 
degree  of  stress  corrosion  resistance  without  incurring  significant  strength  losses. 
One  technique  aimed  at  achieving  this  goal  has  been  through  the  addition  of 
small  amounts  of  silver  to  these  alloys. 

Silver  Additions.  The  effects  of  silver  have  been  extensively  investigated 
because  ii  was  reported  that  silver  additions  increased  the  maximum  strength 
attainable  by  Al-Zn-Mg-Cu  alloys  that  were  aged  above  250°F  (111-120)  and 
because  silver  reportedly  increased  the  lifetime  of  smooth  specimens  lesied  in 
accelerated  stress  corrosion  tests  (121,122).  Others  [ 1 23 ) also  reported  that 
silver-bearing  alloys  aged  above  300°F  had  higher  resistance  to  short  transverse 
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Hf  AUNG  RATE  TO  31b  f 1 f HRi 

tig.  38.  If  fee  I of  rate  of  heating  to  the  artificial  aging  temperature  on  the  yield 
strength  of  7075  and  7075  + 0.3'!  Ag  1 1 10|. 

SC'C  than  similar  silver-free  material  aged  below  300°F.  As  a result  of  this  work, 
at  least  one  7075-type  alloy  containing  silver  is  available  commercially  (the 
German  alloy  AZ74.61 ).  Other  alloys  containing  silver  are  currently  under  devel- 
opment 1 1 24 1 . 

However,  many  of  the  workers  investigating  silver  additions  have  found  no 
significant  increases  in  strength  or  stress  corrosion  resistance  in  overaged  alloys 
due  to  the  presence  of  this  element  [55,110.125,126],  Much  of  this  confusion 
regarding  the  effect  of  silver  additions  on  strength  was  eliminated  when  it  was 
pointed  out  that  the  higher  temperature  overaging  treatments  performed  in  much 
of  the  earlier  work  were  carried  out  using  thin  products  or  small  pieces  that  were 
heated  rapidly  to  the  aging  temperature  in  either  oil  or  salt  baths  |1 10[.  It  has 
since  been  clearly  demonstrated  ( i 1 0]  that  under  these  conditions,  silver- 
beating  alloys  do  indeed  maintain  higher  strengths  than  silver-free  alloys  (Fig, 
38).  However,  virtually  the  same  strengthening  effect  can  be  achieved  in  silver- 
free  alloys  by  exposing  them  for  appropriate  times  near  200°F  so  that  GP  zones 
can  grow  to  sizes  that  will  not  revert  (redissolve)  during  subsequent  aging  at 
higher  temperatures.  The  necessary  exposure  time  near  200° F is  short  enough  in 
7075-type  alloys  that  it  can  be  attained  during  normal  production  heating  rates 
to  the  artificial  aging  temperature  [1  10) . 

In  addition  to  the  dependence  on  the  rate  of  heating  to  the  aging  tempera- 
ture, the  effect  of  silver  additions  on  strength  depends  on  the  quenching  rate 
[1 10,127,128] . Specif  "dly,  silver  additions  increase  quench  sensitivity  of 
7075-type  alloys  containing  either  chromium  or  manganese.  Or  the  other  hand, 
silver  additions  to  chromium-  and  manganese-free  7075-iype  alloys  containing 
zirconium  can  improve  strength  slightly,  even  at  fairly  slow  quench  rates 
(2°  F/sec).  However,  high  strength  alone  is  not  sufficient  and  to  achieve  adequate 
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sttess  • orro<i(>n  resistance  in  silver-free  or  silver-bearing  7075-type  alloys  con- 
taining chromium,  manganese,  or  zirconium,  overaging  is  required  Thus,  again, 
aging  temperature  and  not  chemical  composition  is  the  most  important  factor 
governing  short  transverse  SCT  resistance  in  these  alloys  |i  1 0 1 . It  they  are  aged 
tor  sufficient  times  at  325°F,  Irgh  SCC  resistance  can  be  achieved.  The  length  ol 
time  at  325“F  ilopomis  on  alloy  composition.  Chromium-bearing  7075-type 
alloys  develop  a high  resistance  to  SCC  after  relatively  short  exposure  periods  at 
325°F,  whereas  chromium-free  7075-type  alloys  containing  cither  manganese  or 
zirconium  require  longer  aging  times.  In  spite  of  the  slower  aging  rate  of 
chromium-free  alloys  containing  manganese  and/or  zirconium,  the  strengths  of 
7075-type  alloys  with  the  various  additions  are  comparable,  after  the  alloys  are 
aged  to  have  good  resistance  to  SCC.  It  was  concluded  that  silver-bearing 
7075-type  alloys  could  not  be  aged  to  a higher  strength  than  707S-T73  and  yet 
maintain  equal  resistance  to  SCC  J 1 10].  Thus  several  investigators  have  recom- 
mended that  development  work  on  silver-bearing  Al-Zn-Mg-Cu  alloys  be  dis- 
continued (1 10,I2S| . No  further  alloy  development  work  has  been  carried  out 
in  the  United  States,  although  silver-bearing  alloys  are  still  being  investigated  in 
Great  Britain  1124)  and  Australia  [129],  It  seems  worthwhile,  however,  to 
determine  if  silver-hearing  alloys  can  be  made  resistant  to  exfoliation  corrosion 
with  less  overaging  and  therefore  higher  strength  than  silvei-ftce  alloys. 

New  Alloy  Development.  With  the  introduction  of  the  overaged  T73  temper 
for  7075.  many  of  the  stress  corrosion  problems  in  the  7075  alloy  exposed  to 
the  more  common  environments  were  eliminated.  Although  the  overaged 
7075-T73  offers  significant  stress  corrosion  resistance,  the  lower  strength  ac- 
companying overaging  can  result  in  weight  penalties  in  certain  high-performance 
structures.  This  weight  penalty  is  particularly  severe  in  thick-section  applications 
because  in  addition  to  strength  losses  resulting  from  overaging  (about  14%),  the 
chromium  in  7075  imparts  a high  degree  of  quenching  sensitivity  to  the  alloy. 
Thus,  strength  diops  off  rapidly  with  decreasing  quenching  rate  (increasing  thick- 
ness). Efforts  have  continued  toward  developing  alloys  with  good  stress  corro- 
sion resistance  and  even  higher  strengths. 

A recent  advance  toward  this  goal  has  been  the  introduction  of  7175-T736 
and  7075-T736  alloys  for  die  forgings.  The  7175  alloys  is  essentially  a cleaned- 
up  version  of  7075,  containing  lower  concentrations  of  the  tramp  elements  iron 
and  silicon  and  therefore  providing  significant  increases  in  fracture  toughness. 
The  mechanical  processing  and  aging  parameters  used  in  achieving  the  T736 
tempers  are  proprietary,  but  these  alloy/temper  combinations  provide  the 
highest  strength  consistent  with  adequate  stress  corrosion  resistance  of  any  die- 
forging  alloy  available  today,  at  least  up  to  thicknesses  of  3 in.  (Table  2).  These 
alloy/tempcr  combinations  are  not  available  in  other  wrought-product  forms  and 
are  not  available  for  die  forgings  thicker  than  3 in. 

The  chromium  content  in  the  7175  and  7075  alloys  and  the  high  attendant 
quenching  sensitivity  as  well  as  the  special  processing  required  in  achieving  the 
T736  properties,  will  limit  7175-T736  and  7075-T73F  to  section  thicknesses  of 
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about  3 in.  Thus  there  is  stiii  a need  lor  a good  thick-section  alloy  with  high 
strength,  high  resistance  to  SC'C,  and  good  fracture  tougliness.  It  is  with  this  aim 
that  most  of  the  current  alutnit  um  alloy  development  in  this  country  has  been 
carried  out. 

One  thick-section-forging  alloy  inti-.duced  several  years  ago  was  X7080-F7. 
This  alloy  was  for  use  in  parts  up  to  6 to  8 in.  thick.  One  attractive  feature  of 
X7080-T7  is  that  it  is  boiling-water  qucnchable.  This  quenching  technique  is 
desirable  because  it  minimizes  residual  quenching  stresses  and  distortion  prob- 
lems during  subsequent  machining  operations.  The  boiling-water  quench  was 
made  possible  by  the  low  degree  of  quenching  sensitivity  in  X7080-T7  achieved 
by  virtue  of  its  low  copper  content  and  the  replacement  of  chromium  with 
manganese.  As  mentioned  earlier,  this  alloy  also  showed  adequate  stress  corro- 
sion resistance  when  tested  by  3,5%  NaCl  alternate  immersion,  having  a short 
transverse  threshold  stress  of  25  ksi.  However,  subsequent  testing  in  outdoor 
industrial  environments  showed  that  stress  corrosion  failures  in  short  transverse 
specimens  occurred  at  stresses  as  low  as  1 5 ksi  [110).  This  discrepancy  between 
3.5%  NaCl  alternate-immersion  and  industrial  environment  test  results  has  been  a 
common  problem  in  other  low-copper-content  alloys  such  as  7079-T6  (Fig.  17). 
In  any  case,  since  the  industrial  environment  results  for  X7080-T7  were  pub- 
lished, much  less  interest  has  been  shown  in  this  alloy  for  thick-section-forging 
applications,  especially  in  view  of  the  good  results  currently  being  obtained  on 
several  experimental  thick-section  alloys. 

A promising  stress-corrosion-resistant  material  available  in  thicknesses  up  to  5 
in.  is  the  recently  introduced  7049-T73  alloy.  This  chromium-bearing  alloy  con- 
tains about  the  same  zinc  content  as  7001  and  about  the  same  magnesium  and 
copper  content  as  7075.  The  heat  treatment  for  this  alloy  is  proprietary,  but  the 
alloy  possesses  strength  properties  essentially  equivalent  to  those  of  7079-T6  in 
thicknesses  up  to  5 in.  (Table  2).  In  additio...  7049-T73  shows  excellent  stress 
corrosion  resistance  with  a smooth  stress  corrosion  threshold  stress  of  about  45 
ksi  (Table  2).  Thus  7049-T73  provides  mechanical  properties  comparable  to 
those  of  7079-T6  and  stress  corrosion  resistance  comparable  to  that  .4' 
7075-T73.  In  addition,  this  alloy  does  not  require  special  processing;  therefore, 
existing  dies  for  die  forgings  can  be  used  if  changes  from  a susceptible  material 
such  as  7079-T6  or  7075-T6  to  the  more  stress-corrosion-resistant  7049-T73 
material  are  desired. 

Despite  the  existence  of  7I75-T736,  7075-T736,  and  7049-T73,  work  aimed 
at  developing  an  improved  high  strength,  stress-corrosion-resistant  alloy  for  use 
in  very  thick  sections  has  been  under  way  for  the  past  few  years  [130-149] . To 
minimize  quenching  sensitivity,  each  of  the  alloys  developed  as  a result  rtf  these 
programs  L 's  had  reduced  concentrations  of  chromium  with  zirconium  instead 
being  used  as  the  primary  recrystallization  retardent.  Rec'mmended  composi- 
tion limits  for  alloys  developed  during  these  studies  are  listed  in  Table  4. 

Comparison  of  Various  Thick-Section  Alloys  with  Commercially  Available 
Alloys.  Figure  39  compares  the  strengths  of  the  various  thick-section  alloys  with 
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Table  4.  Recommended  Chemical  Composition  Limits  of 
Some  Thick-Section  experimental  Alloys 


Alloy0 

i'.tement 

Boeing 
Alloy  21 

Reynolds 
Alloy  2 

Alcoa 

MAl5b 

Zinc 

5. 9-6. 9 

6.4-7. 1 

5. 7-6.7 

Magnesium 

2. 2-2.9 

2. 2-2. 8 

1 .9-2.6 

Copper 

0.7-1 .5 

1. 1-1.4 

2. 0-2. 8 

Zirconium 

0.10-0.25 

0.08-0.18 

0.08-0.14 

Iron 

0.20 

0.12 

0.1 5 

Silicon 

0.20 

0.10 

0.12 

Chromium 

0.05 

0.03 

0.04 

Manganese 

0.05-0.15 

0.10 

0.10 

Titanium 

0.10 

0.05 

0.06 

Others 

Eaxh 

0.05 

0.05 

0.04 

Total 

0.15 

0.15 

0.10 

“Composition  in  weight  percent  maximum  unless  shown  as  a range. 

*MA-I5  was  recently  registered  with  the  Aluminum  Association  as  X7050  (see  Table  1). 


the  commercially  available  forging  alloys.  To  construct  Fig.  39,  the  typical  yield 
strengths  of  Reynolds  alloy  2 plate,  Alcoa  MAI 5 plate,  and  Boeing  alloy  21  die 
forgings  were  compared  with  typical  properties  for  die  forgings  of  the  com- 
meicially  available  materials.  The  typical  yield  strengths  for  all  the  commercially 
available  die  forgings  were  obtained  by  adding  6 ksi  to  the  minimum-allowablc- 
strength  properties  for  each  thickness  (typical  properties  are  commonly  6 ksi 
above  minimums  for  the  high-strength  aluminum  alloys).  This  strength  value  was 
then  plotted  at  a cooling  rate  determined  by  the  thickness  and  quenching  water 
temperature  commonly  used  to  quench  each  alloy.  In  all  cases  for  the  die  forg- 
ings, cooling  rates  were  determined  assuming  cylindricaliy  shaped  forgings. 
Arrows  indicating  different  quenching  rates  for  various  forging  diameters  and 
quenching  water  temperatures  are  shown  in  Fig.  39  to  better  illustrate  the  rela- 
tionship between  thickness  and  cooling  rale.  For  this  plot,  the  following  quench- 
ing water  temperatures  were  used  for  the  forging  alloys:  70°F  for  7175-T66, 
717S-T736,  7079-T6,  and  Boeing  alloy  21;  140°F  for  7075-T6.  7075-T73, 
7049-T73,  and  2014-T6,  and  212°F  for  X7080-T7. 

To  compare  the  commercial  and  experimental  alloys,  their  relative  resistance 
to  SCC  should  be  known.  Stress  corrosion  properties  for  the  various  alloys  are 
shown  in  Table  5. 
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Table  5.  Aging  Treatments  and  Stress  Corrosion  Resistance  ol 
experimental-  and  Commercial-Alloy  Forgings 


Alloy 

.Ailing  Treatment 

Short  Transverse  SCC 
Threshold  Stress  tksil 

S.SdXaCI 

, , Industrial 

Alternate 

, Atntusnhen 

Immersion 

Reynolds  alloy  2 
Condition  1 

24  hr  2S0°F  + 18hr325”F 

= 25 

Condition  2 

24  hr  2 50° I + 24  hr  325"F 

> 

MAI  5-T7X1 

4 hr  250°  1-  + 9 hr  32C-335°F 

= 25 

MAI  5-T7X2 

4 lu  250"  1-  + 24  hr  3?<  3 35'F 

=45 

) 

Boeing  alloy  21 

24  hr  250° T + 35  hr  325°F 

=35 

•> 

71 75  T 73<» 

Pioprielary  j 24  hr  250°F  + 

=35 

=35 

7049-T73 

48  hr  R.T.  + | 14  hr  320°F 

45 

45 

7075-T73 

24  hr  250°F  + 27  hr  325°E 

45 

45 

X7980-T7 

Pioprielary 

25 

15 

71  75-l'6<i 

P oprietaty 

7 

'} 

7075-T6 

24  hr  250 "E 

7 

14 

7079. Tb 

48  hi  240" f 

7 

6 

2014-16 

18  hr  320  I- 

7 

10 

The  combined  data  ol  Table  5 and  I ty.  39  point  out  the  excellent  properties 
of  7I75-T736  for  thinner  sections  and  7049-T73  for  thicker  sections,  especially 
to  those  familiar  with  the  numerous  in-service  stress  corrosion  problems  of 
7075-T6,  2014-T6.  and  particularly  7079-T6  forgings.  Not  until  fractuie  tough- 
ness and  stress  corrosion  testing  of  all  experimental  alloys  are  complete  ar.d  the 
minimum  allowable  properties  have  been  established  will  it  be  possible  to  judge 
whether  these  alloys  offer  real  advantages  over  7I75-T736  and  7049-T73  in 
section  thicknesses  up  to  5 in.  It  appears,  however,  that  for  thicknesses  greater 
than  5 in.  a new  alloy  may  he  available  soon  that  is  supenor  to  anything  now 
available. 

It  should  be  added  here  that  current  work  on  chromium-free  7000-series 
alloys  is  also  being  carried  out  in  Europe.  In  Italy,  work  on  two  promising  Zr  + 
Mr  alloys  (Zergal-3  and  Zcrgal-4)  is  being  conducted  |I26|.  Zergal-3  is  being 
tested  in  ihe  form  of  sheet,  extrusions,  and  forgings  while  Zergal-4  is  being 
developed  specifically  for  forgings  (I2b|.  In  England,  a chromium-free  Ag+Zr- 
bearing  alloy  is  being  investigated  [ 1 24 1 . The  chemical  compositions  of  these 
three  alloys  arc  compared  wiih  A'cna’s  MAI  5,  Reynold’s  alioy  2,  and  Boeing’s 
alloy  21  in  Tabic  6.  With  the  exception  of  the  high  copper  content  in  MAI  5 and 
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Table  6.  Chemical  Composition  of  Some  I.xpeiimental  1 uropean  and 
American  Alloys 


Alloy 


l-dcment 

Z.crgal-.l 

Zcrgal-4 

British 

Alloy 

Alcoa 

At  A - 15 

Reynolds 
Alloy  2 

Boeing 
Alloy  2 , 

Zinc 

6.0 

CO 

6.1 

6.0 

6.58 

6.40 

Magnesium 

2.5 

2.3 

2.8 

2.15 

2.39 

2.55 

Copper 

1.5 

0.8 

1.0 

2.50 

1.22 

1.10 

Chromium 

0.05  max 

0.05  max 

<0.01 

•^0.01 

Manganese 

0.20 

0.20 

<0.01 

0.10 

Zirconium 

0.18 

0.18 

0.13 

0.1 1 

0.11 

0.13 

Silver 

0.30 

Titanium 

0.0(1 

0.06 

0.04  max 

0.03 

0.02 

Iron 

0.25  max 

0.25  max 

0.17 

0. 1 2 max 

0.07 

0.13 

Silicon 

0.20  max 

0.20  max 

0.07 

0.10  max 

0.05 

0.06 

the  silver  addition  in  the  British  alloy,  the  chemical  compositions  of  these  alloys 
are  very  similar. 

Although  strength  data  as  a function  of  thickness  and  quenching  rate  were 
not  available  forZergal-3  and  Zergal-4.  one  strength  data  point  for  2. 75-in. -thick 
plate  of  the  British  alloy  was  available  [ 15)  | . This  information  indicates  that  the 
silver-bearing  British  alloys  have  strength  properties  very  similar  to  those  of 
other  silver-free  experimental  alloys  being  developed  in  the  United  States. 

Recent  aluminum  alloy  development  studies  have  used,  with  two  exceptions 
1 1 25,1  TO),  stress  corrosion  tests  with  smooth  specimens  only.  The  measure- 
ment of  stress  corrosion  crack  velocity  as  a function  of  crack-tip  stress  intensity 
could,  however,  be  a more  useful  approach  for  reasons  discussed  earlier  in  this 
chapter. 

Thermomechanical  Processing,  it  is  well  known  that  for  some  aluminum 
alloys,  such  as  the  A!-Cu-Mg  type,  plastic  deformation  at  room  temperature  after 
quenching  and  before  aging  can  increase  strength  properties  after  normal  aging 
treatments.  However,  for  Al-Zn-Mg-Cu  alloys  such  as  7075-T6,  room- 
temperature  deformations  of  0 to  20%  after  quenching  and  prior  to  aging  have 
resulted  in  properties  alter  aging  that  are  not  much  different  front  those  of 
material  directly  aged  after  quenching. 

On  the  other  hand,  work  on  an  Al-Zn-Mg-Cu  alloy  has  shown  that  if  it  is  hot 
deformed  (20%  at  248°  f)  before  the  normal  aging  treatment  at  248°F,  strength 
can  be  increased  without  noticeable  decreases  in  ductility  [152) . This  work  has 
prompted  others  (153)  to  employ  multistage  aging  cycles  irt  combination  with 
plastic  deformation  after  the  first  stages  of  aging  at  low  temperatures  and  before 
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a subsequent  higher  temperature  aging  (Fig.  40).  Using  this  technique,  the 
strength  of  AI-5'TZn-l'?Mg  and  AI-4%Zn-2.7'/<'Mg  (+  Cr,  Mrt.  Zr)  alloys  was 
increased  significantly  with  little  decrease  in  ductility.  Based  on  these  results,  it 
was  suggested  that  it  may  be  possible  to  decrease  magnesium  content  in  an 
Ai-Zn-Mg-Cu  alloy  to  increase  stress  corrosion  resistance  and  at  the  same  time 
use  thermomechanical  treatments  of  the  type  shown  in  Fig.  40  to  maintain  high 
strength  levels.  The  prospects  arc  intriguing,  and  some  work  is  being  carried  out 
in  this  direction  1 1 53 1 . To  date,  however,  we  are  aware  of  no  real  breakthrough 
in  this  area. 

In  another  program,  thermomechanical  treatments  of  3-  to  4-in. -thick  7075 
blocks  involving  a two-step  overaging/press  forging  operation  are  claimed  to 
result  in  improved  strength  and  stress  corrosion  resistance  1 1 54  j . However,  close 
examination  of  the  data  reveals  that  stress  corrosion  specimens  machined  from 
the  theimomechanically  processed  blocks  were  not  really  short  transverse  spcci- 


I ig.  40.  Thcnnomechanical  treatment  scheme  for  Al-Zn-Mg  alloys.  T | 
* solution  treatment  temperature;  Tj’  - Tj"  = temperature  range  of 
quenching  medium;  A|  = first  stage  of  aging;  Aj  = second  stage  of 
aging;  II  = plastic  deformation;  A j - third  stage  of  aging  ( 1 53 1 . 
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mens,  ;ts  they  were  in  the  control  blocks,  due  to  changes  in  grain  shape  and 
orientation  resulting  from  the  press  forging  operation.  Thus,  any  conclusions 
concerning  improvements  in  inherent  stress  corrosion  resistance  of  the  prcss- 
lorged  blocks  are  questionable. 

New  Fabrication  Techniques,  it  is  often  stated  that  if  end-grain  exposure  can 
be  avoided,  even  quite  susceptible  alloys  can  be  used  without  undue  concern  for 
SIT  problems.  Unfortunately,  it  is  almost  impossible  except  in  the  simplest  of 
configurations  to  produce  a forging  without  any  end  grain.  Furthermore,  sub- 
sequent machining  of  the  forging  generally  exposes  even  more  end  grain.  In  an 
attempt  to  resolve  this  problem,  a recent  study  was  conducted  to  minimize 
end-grain  exposure  in  7079-T6  in  cylindrical  landing  gear  forgings  |I55|.  A 
hollow  barrel  section  was  extruded  forward  or  backward  such  that  there  was 
some  circumferential  grain  flow  in  the  barrel  wall.  Forgings  thus  produced  were 
significantly  more  resistant  to  SCT  than  the  parts  produced  by  the  conventional 
forge,  regular  cog.  and  upset  cog  methods. 

However,  use  of  some  of  the  newer  high  strengtii,  corrosion-resistanl  alloys 
or,  in  the  near  future,  use  of  some  of  the  thick-section  alloys  currently  under 
development,  will  lessen  the  need  for  such  novel  forging  techniques,  even  though 
such  techniques  may  still  be  desirable  to  optimize  the  grain- flow  pattern  in  some 
parts. 

New  Sheet  Alloys.  Before  leaving  the  subject  of  new  developments,  a few 
words  should  be  said  about  new  developments  for  sheet  application-  The  Im- 
proved exfoliation-corrosion  resistance  of  7075-T76  and  7178-T76  sheet,  plate, 
and  extrusions  has  already  been  mentioned;  in  areas  where  other  protective 
measures  have  proved  inadequate,  these  T76-temper  products  can  offer  im- 
proved performance.  More  recently,  new  high  strength  cladding  materials  701 1 
[15MS°j  and  7008  (4|  have  been  developed  for  the  high  strength  7000-series 
alloys.  The  new  clad  alloys  protect  the  copper-bearing  7000-series  olcctro- 
chetnically  ; in  the  heat-treated  condition,  they  develop  nearly  the  same  mechan- 
ical properties  as  the  core  alloy,  in  contrast  to  the  normal  7072  alclad  alloy 
(which  does  not  respond  to  heat  treatment)  for  these  7000-series  materials.  This 
difference  resu'ts  front  the  increased  zinc  and  magnesium  contents  iti  the  new 
dad  alloys  with  701 1 and  7008  are  7 to  A xsi  higher  than  those  for  the  regular 
7072  alclad  materials  and  only  2 to  .7  ksi  below  those  for  bare  material.  Of 
course,  as  sheet  thickness  increases,  the  difference  in  strength  between  bare  and 
dad  material  decreases.  Fatigue  strengths  of  materials  dad  with  701 1 and  7008 
arc  also  significantly  higher  than  for  materials  clad  with  the  lower  strength  7072 
alloy. 

Another  new  development  is  the  introduction  of  X7475  alloy  sheet  in  both 
the  high-strength  T6I  temper  and  the  exfoliation-resistant  T761  temper  |160). 
This  alloy  is  also  available  with  or  without  the  high  strength  7008  cladding.  The 
X7475  alloy  is  a cleancd-up  version  of  7075,  which  has  excellent  fracture- 
toughness  properties  comparable  to  those  of  2024-T3.  and  strength  in  the  T6I 
and  T7bl  tempers  that  is  only  2 to  4 ksi  below  that  for  the  7075  alloy  in  the  Tb 
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and  T76  tempers.  X7475-T6  is  also  nearly  identical  in  strength  to7079-T6and 
lias  a fracture  toughness  about  20f7  greater  than  that  for  7079-T6.  The  high 
toughness  of  X7475  results  from  the  reduced  iron  and  silicon  contents,  which  in 
turn  eliminate  most  of  the  iron-  and  silicon-bearing  intermetallic  particles  pres- 
ent in  normal  material.  More  effective  homogenization  and  dissolution  of 
copper-bearing  intermetallics  during  processing  are  probably  also  partly  responsi- 
ble for  the  significantly  increased  toughness. 

Weldable  Alloys 

For  many  welding  applications,  such  as  for  large  storage  tanks,  structural 
marine  applications,  or  cryogenic  applications,  the  5000-series  non-heat-treatable 
alloys  such  as  5456,  5083,  5086,  5454,  and  5052  are  often  used.  Alloys  2014 
(Al-C.i-Mg)  and  2219  (Al-Cu)  have  a higher  strength-to-density  ratio  and  are 
therefore  often  used  for  aerospace  applications.  Of  the  weldable  7000-series 
alloys,  7039  and  7005  may  be  considered  for  structural  applications. 

In  an  attempt  to  provide  even  higher  strength  weldable  aluminum  alloys  with 
good  cryogenic  toughness,  two  additional  alloys- 2021  and  X7007-have  been 
introduced  |161|.  The  longitudinal  and  short  transverse  stress  corrosion  re- 
sistance of  202 1 and  X7007  in  the  unwelded  condition  is  compared  with  the 
stress  corrosion  resistance  of  unwelded  2014,  7039,  7005,  6061.  and  2219  in 
Fig.  41.  With  the  exception  of  the  copper-free  alloys  (7005.  7039,  X7007),  the 
data  in  Fig.  41  were  obtained  from  specimens  removed  from  plate  and  exposed 
to  a 3.5 Of  NaCI  solution  by  alternate  immersion.  For  the  copper-free  types,  the 
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Fig.  41.  Stress  corrosion  resistance  of  several  weldable  high-strength  aluminum  al- 
loys. Arrows  indicate  that  the  specimen  did  not  fail  at  the  highest  stress  at  which 

it  was  tested  ( 1 6 1 1 . ¥ tom  Meta!  Prog.  95  (No.  5),  p.  72,  Fig.  5;  copyright  1969  by 

the  American  Society  for  Metals.  Used  by  permission. 
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l ig.  42.  Mechanical  properties  and  stress  corrosion  resistance  of  sheet  and  plate 
weldments  of  several  high-strength  aluminum  alloys  1 162| . 
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threshold  values  for  SCC  are  based  on  exposure  to  an  inland  industrial  atmos- 
phere that,  as  previously  discussed,  provides  more  reliable  information  than  the 
alternate-immersion  test.  Kxcept  for  6061-T6,  2219-TH1,  and  2021-TS1,  the 
short  transverse  stress  corrosion  resistance  of  the  alloys  shown  in  Fig.  41  is 
quite  low  (7  to  lb  ksi). 

In  the  as-welded  condition,  the  stress  corrosion  resistance  of  many  of  these 
alloys  is  reduced.  Stress  corn,  ion  cracks  usually  develop  at  the  edge  of  th"  weld 
bead  if  smooth  specimens  are  tested.  The  reduction  of  stress  corrosion  resist- 
ance due  to  welding  is  illustrated  in  Fig.  42.  Aging  or  resolution  treatment  and 
aging  after  welding  often  improves  resistance  to  SCC  (Fig.  42). 

It  can  be  seen  from  the  data  in  Figs.  41  and  42  that  alloys  2021  and  X7007 
possess  attractive  strength  properties  although  the  short  transverse  stress- 
corrosion  resistance  of  X7007-T6  is  quite  low.  It  has  been  reported  that  tough- 
ness values  of  repaired  welds  are  much  lower  for  2021  than  for  2219.  Since  more 
often  than  not  repair  welding  is  required,  this  parameter  could  be  of  the  utmost 
importance,  and  a choice  between  alloys  2021, 2219,  or  2104  may  well  hinge  on 
this  factor. 


4.S  Discussion 

A satisfactory  theory  of  SCC  in  high  strength  aluminum  alloys  would  have  to 
predict  quantitatively  and  explain  from  first  principles  the  experimental  results 
presented  in  the  previous  sections.  Such  a theory  is  not  yet  available.  There  arc 
many  reasons  for  the  lack  of  a complete  quantitative  theoretical  treatment  of 
SCC.  Three  are  mentioned  below. 

First,  quantitative  experimental  SCC  data  have  only  recently  become  avail- 
able. Some  of  the  data  are  presented  here  for  the  first  time. 

Second,  theoretical  treatments  of  SCC  attempt  to  understand  the  basic- 
mechanisms  in  atomic  dimensions  near  the  crack  tip.  On  this  scale,  however, 
observations  near  the  crack  tip  arc  extremely  difficult,  if  not  impossible.  There- 
fore, the  basic  assumptions  of  most  theories  cannot  be  verified  directly. 

Third,  the  complexity  of  the  subject  requires  that  theoretical  treatments  lake 
into  account  mechanical,  chemical,  and  metallurgical  aspects.  These  three  as- 
pects are  interrelated,  as  evident  from  the  previous  sections  of  this  monograph. 
Therefore,  significant  progress  toward  understanding  SCC  is  likely  to  come  only 
from  research  teams  that  combine  the  results  of  fracture  mechanics,  chemistry 
(especially  electrochemistry),  and  metallurgy.  Tradition  and  lack  of  funds  do  not 
favor  the  formation  of  such  research  teams. 

The  following  short  discussion  is  broken  down  into  three  parts,  depending  on 
whether  the  predominating  aspect  is  mechanical,  chemical,  or  metallurgical.  The 
discussion  reflects  the  fact  that  we  are  still  far  from  a quantitative  theory  that 
integrates  all  three  aspects.  A more  detailed  discussion  of  the  mechanisms  of 
SCC  of  aluminum  alloys  has  recently  been  given  elsewhere  (46,73 1 . 
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Effect  of  Stress  on  Crack  Velocity 

The  crack  velocity  vs  stress  intensity  curves  shown  in  Figs.  1 1 and  33  demon- 
strate the  effect  of  crack-tip  stress  intensity  on  stress  corrosion  crack  velocity.  It 
is  evident  that  these  V-K  curves  consist  of  a stress-dependent  part  (labeled  region 
I)  and  a stress-independent  part  (labeled  region  II  or  plateau).  In  many  cases,  a 
transition  region  between  the  two  parts  of  the  V-K  curve  is  also  observed.  In 
this  section  wc  present  some  models  that  have  been  proposed  to  explain  the 
effect  of  stress  on  the  stress  corrosion  crack  velocity,  and  which  are  therefore 
applicable  to  region  I of  the  V-K  curve. 

Stress-Activated  Dissolution.  It  has  been  shown  that  a blunt  crack  in  a dis- 
solving solid  under  stress  can  sharpen  if  the  dissolution  rate  is  stress  dependent 
[ 1 63,1 64] . If  both  the  stress  and  the  stress  dependence  of  the  dissolution  rate 
are  high  enough,  this  could  lead  to  failure  by  SCC.  Based  on  these  ideas,  the 
stress  corrosion  crack  velocity  ca\  dc  expected  to  depend  on  the  crack-tip  stress 
intensity  in  the  following  way  [lb3|  : 

V = VQexp(-Q  + bKx)IRT , 

where 

V - crack  velocity 

Q = apparent  activation  energy: Q = E + VM  yip 

E - stress-free  activation  energy 

Vm  = molar  volume 

7 = fracture  surface  energy 

p = radius  of  the  crack-tip  curvature 

b = 2U  \firp 

U = activation  volume 

K\  = plane-strain  stress  intensity. 


Thus,  this  model  predicts  correctly  the  experimentally  observed  functional  re- 
lationship between  crack  velocity  and  applied  crack-tip  stress  intensity. 

Stress-Assisted  Diffusion  of  Damaging  Species.  Liu  [166]  has  analyzed  the 
elastic  interaction  between  a solute  atom  and  the  stress  field  in  a solid  ahead  of 
the  crack  tip.  He  shows  that  the  solute  atom  concentration  increases  rapidly 
toward  the  crack  tip  if  the  solute  atom  is  interstitial  or  if  it  relaxes  the  crack-tip 
stress  field.  Assuming  that  the  solute  atoms  might  embrittle  the  material  and  also 
assuming  that  the  crack  growth  rate  is  controlled  by  the  reaction  rate  within  a 
material  whose  structure  is  characterized  by  a length  rp,  he  can  write  the  crack 
growth  rate  as 
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where 

Co  = volume  concentration  of  solutes 
//  = activation  energy 

M = a parameter  which  describes  the  clastic  interaction  between  the  solute 
atom  and  the  stress  field 
K = stress  intensity 
k = Bolumann  constant 
T = absolute  temperature. 

This  model,  too,  predicts  correctly  the  experimentally  observed  functional  rela- 
tionship between  crack-tip  velocity  and  crack-tip  stress  intensity. 

Effects  of  Environment 

The  effect  of  environment  on  the  propagation  of  stress  corrosion  cracks  is 
most  conveniently  studied  (and  most  acouiately  measured)  in  the  stress- 
independent  plateau  region  of  the  crack  velocity  vs  stress  intensity  curves.  For 
any  given  alloy  this  permits  a separation  of  the  environmental  effects  from  the 
mechanical  and  metallurgical  parameters.  Moreover,  experimental  results  have 
shown  that  in  many  (but  not  ail)  cases,  region  II  is  the  only  part  of  the  V K 
curve  that  is  affected  by  the  environment.  Therefore,  this  discussion  is  con- 
cerned primarily  with  the  effects  of  environment  on  the  plateau  velocity  in 
region  II  of  the  V-K  curve 

Influence  of  Water  Vapor  on  Crack  Propagation  in  Gaseous  Atmospheres.  In 

Section  4.3,  it  was  pointed  out  that  dry  gases  such  as  argon,  hydrogen,  oxygen, 
nitrogen,  and  air  do  not  support  measurable  stress  corrosion  crack  growth.  It  is 
the  water  vapor  content  of  the  gases  that  makes  stress  corrosion  cracks  grow. 
Region  I ot  the  V-K  curves  seems  little  affected  by  the  water  vapor  content  of 
the  gases,  but  the  plateau  depends  linearly  on  the  water  vapor  pressure.  This  can 
be  rationalised  in  the  following  way. 

Starting  at  the  lower  end  of  the  V-K  curve  (see  Fig.  33,  for  example),  crack 
velocity  increases  with  increasing  stress  intensity.  In  region  I,  the  crack  velocity 
cou'd  be  limited  by  the  kinetics  of  the  tip  reactions  as  outlined  earlier.  As  the 
crack  velocity  increases,  it  might  eventually  reach  a limit  set  by  the  rate  at  which 
the  damaging  species  arrives  at  the  crack  tip.  The  rate-limiting  step  could  be 
either  the  diffusion  of  water  vapor  through  the  gas  that  fills  the  crack  or  the 
diffusion  of  water  through  an  oxide  layer  covering  the  crack  tip.  In  either  case, 
we  would  expect  the  crack  velocity  to  be  strongly  dependent  on  the  water  vapor 
concentration  in  the  bulk  atmosphere  but  nearly  independent  of  the  applied 
crack-tip  stress  intensity.  This  is  indeed  what  is  observed  for  the  plateau  velocity. 

SCC  in  Aqueous  Solutions.  A change  of  the  environment  from  gases  with 
100%  relative  humidity  to  immersion  in  liquid  distilled  water  does  not  change 
the  V-K  curves  of  high  strength  aluminum  alloys  very  much.  The  only  exception 
is  alloy  7079,  where  such  a change  of  environment  increases  the  plateau  velocity 
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by  a modest  factor  of  three  |73|.  The  similar  growth  rates  in  liquid  water  and 
gases  saturated  with  water  vapor  indicate  that  in  neither  environment  is  the 
crack  growth  limited  by  the  rate  that  water  arrives  in  the  crack-tip  zone.  There 
must  be  a slower  rate-controlling  step  yet  to  be  identified.  Diffusion  through  an 
oxide  layer  at  the  crack  tip  is  one  of  the  possible  rate-controlling  steps. 

Stress-Corrosion  Crack  Velocity  Limited  by  Mass-Transport  Kinetics.  The 
mass-transport-kinetics  (MTK)  model  was  first  developed  for  SCC  of  titanium 
alloys  in  aqueous  chloride,  bromide,  and  iodide  solutions  [167|  and  later 
extended  to  r'uminum  alloys  (168,169).  It  indicates  that  the  stress  corrosion 
crack  velocity  in  region  II  of  the  V-K  curve  is  limited  by  the  kinetics  of  halide- 
ion  transport  to  the  crack  tip. 

The  MTK  inode!  is  in  good  agreement  with  a number  of  experimental  ob- 
servations on  stress  corrosion  crack  growth  in  region  II  of  the  V-K  curve. 

Halide-Ion  Concentration.  The  theory  predicts  that  the  crack  velocity  should 
be  proportional  to  the  halide-ion  concentration.  This  agrees  well  with  the  experi- 
mental observations  reported  in  Refs.  47,  73,  and  i68. 

Temperature.  The  temperature  dependence  of  stress  corrosion  crack  growth 
in  region  II,  according  to  the  MTK  model,  would  be  determined  mainly  by  the 
temperature  dependence  of  the  diffusivity  of  the  halide  ions.  The  activation 
energy  of  approximately  4 kcal/mole  measured  for  region  II  is  well  within  the 
range  predictable  for  the  activation  of  a process  limited  by  ionic  mass  transport 
|I701. 

Ionic  Species.  To  explain  the  fact  that  chloride,  bromide,  and  iodide  accel- 
erate SCC  in  aluminum  alloys  is  outside  the  scope  of  the  MTK  model.  However, 
since  the  crack  becomes  acidic  as  indicated  earlier,  hydrogen  ions  and  Al+++  ions 
displace  other  cations  within  the  crack  so  that  the  velocity  is  independent  of  the 
cations,  as  reported  above. 

Metallurgical  Aspects 

In  this  section,  wc  would  have  liked  to  present  those  theories  that  predict 
quantitatively  the  stress  corrosion  performance  of  high  strength  aluminum 
alloys,  based  solely  on  the  microstructure  and  composition  of  the  alloy.  There  is 
no  such  theory;  indeed,  there  is  not  even  a single  successful  attempt  to  relate  the 
stress  corrosion  V-K  curve  and  the  microstructure  of  aluminum  alloys  on  a 
quantitative  basis.  This  is  all  the  more  deplorable  since  hundreds  of  papers  have 
been  written  on  the  relationship  between  microstructure  and  SCC  of  aluminum 
alloys.  Even  the  single  most  important  metallurgical  treatment  to  improve  stress 
corrosion  resistance- the  overaging  of  precipitation-hardened  alloys-has  not  yet 
been  analyzed  quantitatively. 

Qualitative  hypotheses  of  the  relationship  between  microstructure  and  stress 
corrosion  resistance  are  still  highly  controversial.  They  have  been  reviewed 
adequately  (171 1,  allowing  the  present  section  to  be  brief.  Progress  in  under- 
standing the  metallurgical  aspects  of  SCC  of  high  strength  aluminum  alloys  will 
come  when 
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• Hypotheses  and  the  tests  they  are  supposed  lo  explain  are  made  quanti- 
tative. 

• Assumptions  upon  which  the  hypotheses  are  based  can  be  checked  in- 
dependently. 

Precipitation  Hardening.  According  to  the  experimental  data  reported  in  the 
last  section  (Proper  Storage),  the  effect  of  precipitation  hardening  on  resistance 
to  SCC  seems  to  follow  these  rules: 

• The  initial  stages  of  precipitation  hardening  decrease  the  resistance  to  SCC 
i!OS|. 

• Precipitation  hardening  beyond  peak  hardness  (overaging)  can  increase  the 
resistance  to  SCC  [I0S| . 

Figure  35  illustrates  these  observations.  Since  precipitation  hardening  is  of  the 
utmost  importance  for  high  strength  aluminum  alloys,  studies  on  the  effect  of 
metallurgical  parameters  on  SCC  have  often  attempted  to  explain  these  two 
rules.  The  following  hypotheses  are  among  those  discussed  presently. 

Precipitate-Free  Zones.  It  is  well  established  that  preferential  precipitation 
during  aging  of  Al-Zn-Mg  alloys  can  lead  to  the  formation  of  a precipitate-free 
/.one  (PFZ)  at  grain  boundaries  [I72j.  Wide  PFZ’s  are  easily  observed  in  ternary 
alloys.  In  commercial  high  strength  aluminum  alloys,  PFZ’s  are  much  smaller 
and  often  are  not  observed  at  all.  Therefore,  most  studies  on  the  relationship 
between  PFZ  width  and  stress  corrosion  resistance  have  concentrated  on  high- 
purity  ternary  Al-Zn-Mg  alloys  of  academic  interest.  Three  schools  of  thought 
have  developed,  each  contradicting  the  other: 

• Reducing  the  PFZ  width  will  increase  resistance  to  SCC  ( 1 73  J . 

• Reducing  the  PFZ  width  will  decrease  resistance  to  SCC  [ I74| . 

• PFZ  width  is  of  minor  or  no  importance  to  SCC  resistance  1105,175] . 
Those  who  believe  that  PFZ’s  are  important  in  the  resistance  to  SCC  assume  this 
is  so  because  preferential  deformation  in  the  PFZ  leads  to  preferential  dissolu- 
tion and  thus  to  intercrystalline  SCC  (174,176) . 

At  this  time,  neither  the  PFZ  hypothesis  nor  the  experiments  supporting  or 
contradicting  it  are  on  a quantitative  basis.* 

Interaction  of  Dislocations  with  Precipitates  and  SCC.  This  hypothesis  pro- 
poses that  the  effect  of  precipitation  hardening  on  the  resistance  to  SCC  is  due 
to  the  interaction  of  dislocations  with  those  precipitates  that  cause  the  harden- 
ing (105,177-1801.  High  strength  aluminum  alloys  exhibit  characteristic  dis- 
location arrangements  after  deformation.  In  material  of  low  resistance  to  SCC. 
straight,  narrow  bands  of  high-dislocation  density  extend  across  the  grains.  The 
dislocations  in  the  bands  are  piled  up  against  the  grain  boundaries.  In  materials 
aged  to  a reduced  susceptibility,  the  slip  bands  contain  dislocations  of  irregular 
curvature  and  many  dislocation  loops.  It  is  thought  that  different  dislocation- 
particle  interactions  cause  the  differences  in  slip  mode,  and  it  is  concluded  that 

*The  evidence  appears  to  indicate  that  although  changing  the  width  of  the  PFZ  affects 
SCC  behavior,  the  concomitant  changes  tn  the  nature  of  precipitate  affects  SCC  behavior 
more.  (Editor.) 
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resistance  to  SCC  in  high  strength  aluminum  alloys  is  reduced  by  precipitates 
that  are  sheared  by  plastic  deformation.  Particles  bypassed  by  moving  disloca- 
tions are  thought  to  result  in  improved  stress  corrosion  resistance.  According  to 
the  dislocation-particle  interaction  hypothesis,  overaging  reduces  stress  corrosion 
susceptibility  because  the  volume  fraction  of  particles  that  can  be  sheared  de- 
creases 1 1 05 1 . 

The  hypothesis  that  dislocation-particle  interaction  affects  the  resistance  to 
SCC  in  high-strength  aluminum  alloys  predicts  specifically  that 

• Matrix  precipitates  (i.e.,  GP  zones),  and  not  grain-boundary  precipitates  or 
the  PFZ,  control  resistance  to  SCC. 

• Susceptibility  to  SCC  in  aqueous  chloride  solution  increases  with  the 
volume  fraction  of  the  GP  zones  ( 103| . 

Results  of  recent  experimental  investiga'ions  are  in  full  agreement  with  these 
predictions  1 175,181 ,182| . 

The  dislocation-particle-interaction  hypothesis  is  at  present  transformed  into 
a quantitative  SCC  theory  (46, 1 82 J . Until  a quantitative  comparison  of  theory 
and  experiment  is  presented,  the  assumptions  and  predictions  remain  open  to 
questioning  as  do  the  other  hypotheses  mentioned. 

SCC  Due  to  an  Anodic  Path  Along  Grain  Boundaries.  Nearly  three  decades 
ago,  a "generalized  theory  of  stress  corrosion  cracking”  was  given  [183]  that 
describes  the  mechanism  of  SCC  of  aluminum  alloys  as  follows:  Corrosion 
occurs  along  localized  paths,  producing  fissure. - components  of  tensile  stress 
normal  to  the  path  then  create  a stress  concentration  at  the  base  of  the  localized 
fissures.  In  aluminum  alloys,  such  preexistent  anodic  paths  are  thought  to  be  due 
to  the  difference  in  electrochemical  potentials  between  grain-boundary  precipi- 
tates or  grain-boundary  margins  and  the  grain  interior  [55) . The  role  of  stress  in 
stress  corrosion  crack  growth  is  thought  to  be  the  opening  of  the  fissures,  thus 
exposing  fiesh  unprotected  inetal  to  corrosion  attack.  It  is  assumed  that  in  this 
way.  corrosion  along  the  grain  boundary  is  accelerated  because  freshly  exposed 
metal  is  more  anodic.  This  theory  is  still  widely  accepted,  especially  in  the 
aluminum  industry,  because  it  is  consistent  with  many  experimental  observa- 
tions concerning  the  effect  of  heat  treatment  on  resistance  to  SCC.  The  anodic- 
path  hypothesis  has  the  merit  of  being  among  the  first  to  attempt  a correlation 
between  microstructure  and  stress  corrosion  experience.  This  hypothesis  has 
been  used  to  explain  the  superior  stress  corrosion  resistance  of  the  overaged 
alloy  7075  in  the  T73  temper  compared  to  the  T6  temper  [60] . 

4.6  Preventing  SCC  Failures  in  Aerospace  and  Other  Structures 

Attempts  to  eliminate  SCC  problems  with  high  strength  aluminum  alloys  have 
not  been  completely  successful.  For  example,  numerous  stress  corrosion  failures 
have  occurred  in  the  Saturn  V launch  vehicle,  primarily  on  parts  made  from 
7075-T6,  7079-T6,  and  2024-T4  [184j.  Nor  has  the  Apollo  lunar  landing 
module  been  free  from  SCC  [185,186],  While  these  particular  problems  have 
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been  alleviated  by  switching  to  stress-corrosion-resistant  alloys  and  tempers  or 
by  changing  processing  procedures  to  minimize  residual  and  fit-up  stresses,  etc., 
questions  may  still  be  asked:  Why?  Why  so  many?  Why  so  many  in  this  late  stage 
of  our  technological  advancement? 

Some  have  suggested  that  the  overriding  fact  about  SCC  is  a lack  of  awareness 
of  existing  data  ( i 87 1 . Hopefully,  this  trend  will  be  reversed  as  builders  of  aero- 
space anti  hydrospace  equipment  place  more  emphasis  on  materials  selection.  To 
help  achieve  this  goal,  this  chapter  has  attempted  to  put  into  perspective  the 
mechanical  and  stress  corrosion  properties  of  the  tnore  common  alloys;  the 
newly  introduced  alloys  such  as  7I7S-T736.  7049-T73,  and  X7475;and  some  of 
the  development  alloys  yet  to  be  offered  commercially.  In  this  manner,  those 
involved  in  recommending  materials  to  the  designer  can  be  made  more  aware  of 
the  changes  coming  to  the  aluminum-alloy-development  area.  Thus  they  can  be 
better  prepared  to  make  materials  recommendations  in  the  coming  y.ars. 

Materials  .selection 

High  Strength  Alloys  for  Hand-  and  Die-Forging  Use.  While  it  is  sometimes 
possible  to  locate  the  parting  plane  of  die  forgings  in  an  area  that  will  minimize 
short  transverse  stresses,  it  is  often  difficult  or  impossible  in  complex  forgings  to 
predict  the  exact  nature  of  the  grain  flow  at  each  specific  area.  Thus,  end  grains 
may  be  exposed  after  machining,  especially  on  heavily  machined  parts.  For  this 
reason  and  because  of  the  possible  presence  of  residual  surface  tensile  stresses 
acting  normal  to  local  grain  flow  and  the  presence,  unintentional  uiougn  it  may 
be,  of  fit-up  or  assembly  stresses,  alloy  7079-T6  should  not  be  used  where  stress 
corrosion  problems  must  be  avoided.  This  same  recommendation  also  applies  to 
hand  forgings.  The  low  survival  rates  of  7079-T6  industrial-atmosphere  stress 
corrosion  specimens  stressed  to  only  15%  of  the  yield  strength  (Fig.  17),  the 
rapid  stress  corrosion  crack  growth  rates  possible  in  7079-T6  (Fig.  33),  and 
actual  service  experience  dictate  that  this  recommendation  be  made.  The  recom- 
mendation should  be  even  more  emphatic  in  view  of  the  recent  development  of 
stress-corrosion-resistant  alloys  such  as  7049-T73,  7175-T736,  and  7075-T736. 
which  have  strength  properties  equal  to  or  greater  than  those  for  the  7079-T6 
alloy  (Table  2).  Alloy  7075-T73,  despite  its  slightly  lower  strength  properties, 
can  also  be  justified  as  a replacement  for  7079-T6. 

This  single  recommendation  to  avoid  use  of  7079-T6  could  save  millions  of 
dollars  yearly  by  minimizing  downtime  necessary  to  replace  cracked  parts.  The 
increased  reliability  and  reduced  maintenance  costs  should  also  be  obvious. 

While  7075-T6  forgings  have  shown  better  service  performance  than  7079-T6. 
they  too  are  highly  susceptible  under  short  transverse  stresses;  it  is  recommended 
that  for  most  applications  7075-T73,  7175-T736,  7049-T73,  or  7075-T736  be 
considered  as  replacements  for  7075-T6. 

For  the  2000-series  alloys,  the  artificially  aged  T6  and  T8  tempers  provide  a 
higher  degree  of  resistance  to  SCC  than  the  naturally  aged  T3  and  T4  tempers. 
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Nolo,  however,  that  alloy  2014  even  in  the  artificially  aged  T6  temper  is  highly 
susceptible  to  SCC  in  the  sliort  transverse  direction.  In  certain  applications 
where  parts  may  be  fatigue  critical.  2014-T6  forgings  are  often  used  successfully 
despite  this  short-transverse  stress  corrosion  susceptibility. 

For  lower  strength  applications,  606I-T6  has  excellent  resistance  to  SCC. 

Alloys  for  Sheet  and  Plate  Applications.  Material  selections  for  sheet  and 
plate  applications  arc  often  dictated  by  such  factors  as  fatigue  life  and  fracture 
toughness  rathei  than  stress-  or  exfoliation-corrosion  resistance  However,  if 
service  performance  has  shown  that  protective  measures  against  exfoliation  cor- 
rosion of  the  7000-series  alloys  have  been  inadequate,  the  newer  T76  tempers 
for  7178  and  7075  and  the  T761  temper  for  the  newer  X7475  alloy  can  be  used. 
For  applications  where  regular  alelad  7000-series  alloys  have  been  used,  strength 
and  possibly  fatigue-life  improvements  can  be  obtained  by  use  of  the  higher 
strength  701 1 and  X7008  clad  materials.  In  addition,  significant  gains  in  fracture 
toughness  can  be  achieved  by  use  of  bare  or  X7008  alelad  X7475  alloy. 

In  fatigue  litical  applications  or  wl  ere  high  toughness  is  required,  2000- 
series  alloys  such  as  2024-T3  and  2014-T3  are  often  used.  For  most  applications, 
these  alloys  are  used  in  the  alelad  condition  to  protect  against  general  and 
exfoliation  corrosion.  It  should  be  recalled  that  the  resistance  to  stress  corrosion 
and  exfoliation  corrosion  of  2024-T3  decreases  rapidly  during  the  first  stages  of 
any  reheating  (Fig.  35)  until  a minimum  resistance  is  obtained.  Additional  heat- 
ing then  increases  the  resistance.  Thus,  car<*  must  be  exercised  to  ensure  that 
exposure  times  to  elevated  temperatures  during  service  or  fabrication  are  below 
those  levels  that  would  sensitize  the  2024-T3  to  intergranular  attack.  Too  slow  a 
cooling  rate  during  quenching  can  also  sensitize  2024-T3  material  to  exfoliation 
and  SCC  (Fig.  30).  Since  cooling  rates  are  a direct  function  of  thickness,  it  is 
recommended  that  2024  products  thicker  than  about  0.25  in.  should  be  used 
only  in  the  artificially  aged  tempers  (T6X,  T8X)  [85),  unless  of  course  pro- 
tective measures  have  proven  to  be  adequate  in  protecting  against  exfoliation 
and  stress  corrosion  in  parts  fabricated  from  thicker  sections. 

For  marine  applications,  alloys  such  as  5052,  5454,  5086,  5083,  and  5456  are 
used.  Low-magnesium-contcnt  alloys  such  as  5454  (2.75%  Mg)  can  be  used 
where  service  temperatures  may  be  expected  to  exceed  150°F  [77 1 . Since 
extended  heating  of  wrought  Al-Mg  alloys  with  magnesium  content  in  excess  of 
about  3%  results  in  susceptibility  to  SCC  (Figs.  23-25),  special  sheet  tempers 
designated  H343  and  H323  were  developed  to  provide  good  resistance  to  SCC  at 
ambient  temperatures  of  about  150°F  or  below  for  alloys  such  as  5456  (5.25% 
Mg)  and  5083  (4.45%  Mg)  [188[.  The  even  newer  116  and  117  tempers  for 
5186  and  5456  alloys  should  be  considered  if  service  conditions  indicate  that  the 
H321,  H323,  and  H343  tempers  may  not  provide  adequate  resistance. 

Alloys  for  High  Strength  Extrusion  Applications.  The  same  general  comments 
made  for  sheet  and  plate  apply  to  extrusions.  Exfoliation-resistant  T76  tempers 
are  also  available  for  7075  and  7178  extrusions,  and  these  alloy  temper  com- 
binations have  the  additional  benefit  of  improved  SCC  resistance.  Probably  the 
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most  LOiiininn  problem  results  when  thick  extrusions  are  heavily  machined,  thus 
exposing  essentially  transverse  grain  structure.  This  problem  can  be  particularly 
acute  it  interference-fit  fasteners  or  stresses  from  assembly  mismatch  or  joggling 
are  presen'  in  the  region  of  transverse-grain  structure. 

One  potential  method  of  minimizing  the  amount  of  machining  for  certain 
applications  is  the  use  of  stepped  extrusion.,.  Use  of  these  products  can  provide 
for  thick  sections  only  in  the  area  where  it  is  needed. 

This  resume  of  some  of  the  recommended  uses  of  aluminum  alloys,  especially 
some  of  the  newer  ones,  has  purposely  been  brief,  and  anyone  involved  in 
aluminum-alloy  selection  should  consult  the  various  alloy  producers. 

Proper  Design,  Fabrication,  Assembly,  and  Finishing  Practice 

Extensive  coverage  of  the  many  facets  of  design,  fabneation,  and  assemblv 
practices  that  must  be  closely  controlled  to  avoid  SCC  problems  in  high-strength 
aluminum  alloys  is  beyond  the  scope  of  this  monograph.  If  stress-corrosion- 
rcsisiant  tempers  annot  he  used,  certain  precautions  should  be  taken  to  avoid 
service  failures  due  to  SCC.  Some  of  the  more  common  rules  are  discussed  below 
|189|. 

• Avoid  where  possible  the  machining  of  thin  sections  front  ihicK  sections 
since  the  grain  structure  in  the  machined  part  may  be  adversely  oriented  with 
respect  to  loeked-in  assembly  or  quenching  stresses  (see  Fig.  4). 

• When  deep  hole  or  pocket  machining  in  thick  non-strcss-ieheved  materia'  is 
required,  rough  machine  as  extensively  and  as  close  to  finish  dimensions  as 
practicable  prior  to  heat  treatment.  Even  if  final  machining  removes  the  residual 
surface  compressive  layer,  the  removal  of  less  material  after  heat  treatment 
exposes  lower  internal  tensile  stresses. 

• Avoid  deep  blind  bores  since  an  inadequate  quenching  in  such  areas  can 
lead  to  high  inside-diameter  surface  tensile  stresses. 

• In  hand  forgings,  rings,  and  many  die  forgings,  minimize  residual  quenching 
stresses  by  using  stress-relieved  (T652)  material,  especially  when  a part  is  to  be 
machined  all  over.  In  die  forgings  that  are  not  machined  all  over,  caution  is 
required  because  the  T652  compressive  treatment  tends  to  produce  residual 
tension  stresses  if  a few  thousand  psi  on  the  surface  of  the  part. 

• Bending,  joggling,  roll  forming,  and  twisting  can  result  in  residual  surface 
tension  stresses  that,  if  combined  with  adverse  grain  structure,  can  lead  to  stress 
corrosion  problems.  Perform  these  operations  on  susceptible  material  when  it  is 
in  the  freshly  quenched  (W)  temper  or  possibly  hot.  Hot  forming  of  certain 
5000-series  alloys  in  th<*  annealed  condition  is  recommended  to  minimize  the 
effect  of  cold  work  as  well  as  to  lower  the  residual  stresses. 

• Swaging  and  shape  drawing  at  room  temperature  are  capable  of  inducing 
residual  surface  tensile  stresses  in  the  transverse  direction  on  the  formed  parts.  If 
feasible  with  suscep'ible  heat-treatable  alloys,  form  the  parts  in  the  O-temper 
and  then  heat  treat  Alloys  2020,  2024,  and  2219  may  be  swaged  in  the 
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solution-heat-ticated  condition  and  then  aged  to  minimize  S(  ( . however,  this 
procedure  is  not  recommended  lor  2014  and  the  7000-series  alloys  aged  to  the 
Tft  temper. 

• Interfeience-lit  bushings  and  pins  can  cause  stress  corrosion.  This  problem 
is  particularly  severe  where  holes  to  be  bushed  are  located  on  the  parting  plane 
of  die  forgings,  and  this  practice  should  be  avoided.  Minimize  stresses  by  con- 
trolling the  interference  lit  that  is  permitted.  When  toic  mces  required  are  too 
tignt.  make  the  bushing  very  thin  in  comparison  to  the  wall  around  it  so  that  a 
larger  part  of  the  necessary  deformation  takes  place  in  the  bushing. 

• l liminate  moisture  traps  Tins  also  applies  to  faying  surfaces,  particularly  if 
one  of  the  materials  is  an  absorbent.  If  one  of  the  materials  is  a dissimilar  metal, 
galvanic  corrosion  may  occur  and  accelerate  any  possible  SCC  hazard  that 
already  exists. 

• Use  shims  to  compensate  for  assembly  mismatch. 

Surface  Treatments 

The  safest  way  to  prevent  SCC  service  failures  with  high  strength  aluminum 
alloys  is  to  use  SCC-resistant  alloys  and  tempers.  Where  this  approach  is  not 
possible  because  of  other  requirements  of  the  material,  adequate  protective 
measures  must  be  taken  if  alloys  and  tempers  that  are  susceptible  to  SCC  are 
used.  Such  protective  measures  include  treatments  of  the  metal  surface,  notjbly 
shot  peening  and  coating.  Obviously,  evaluation  of  the  effectiveness  of  surface 
treatments  as  SCC  preventives  can  be  made  with  smooth  specimens  only;  this  is 
one  situation  where  prccracked  specimens  are  of  no  use.  However,  this  situation 
will  be  reversed  if  and  when  self-healing  coatings  and  inhibitors  are  studieu. 

Shot  Peening.  One  of  the  most  effective  SCC  preventives  for  high  strength 
aluminum  alloys  is  surface  working  by  shot  peening,  particularly  when  used  in 
combination  with  protective  coatings.  This  procedure  can  be  used  as  a “fix”  in 
troubleshooting  or  can  be  incorporated  into  the  original  design  of  a vehicle 
1 190| . 

Shot  peening  differs  from  most  protective  measures  because  it  changes  the 
surface  of  the  metal  instead  of  merely  coating  it.  Hammering  of  the  shot  plas- 
tically deforms  the  surface  metal  and  obliterates  the  grain  structure,  resulting  in  a 
thin  surface  layer  of  metal  being  placed  in  compression.  Shot  peening  is  effec- 
tive, therefore,  only  if 

• All  exposed  surfaces  are  thoroughly  worked  (saturated)  to  an  adequate 
intensity. 

• The  resultant  compressively  stressed  layet  is  not  penetrated  by  either 
mechanical  damage  or  corrosion. 

Usually  the  cold-worked  layer  is  thick  enough  to  tolerate  minor  surface 
scratches.  The  layer  can  be  penetrated  readily,  however,  by  the  pitting  attack 
that  occurs  on  high-copper-content  aluminum  alloys  in  corrosive  environments. 
Thus,  it  could  be  expected  that  the  effectiveness  of  peening  would  be  related  not 
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only  to  the  adequacy  of  pceriing.  but  also  to  the  environment  and  the  resistance 
to  corrosion  of  the  given  alloy  in  that  environment.  Therefore,  shot  peening  is  of 
no  appreciable  benefit  to  stressed  specimens  of  20I4-T651  (low  resistance  to 
corrosion)  in  the  3.5 % NaCl  alternate-immersion  test  where  pitting  rapidly 
penetrates  the  cold-worked  layer.  However,  peening  considerably  extends  the 
time  to  failure  of  stressed  specimens  of  7079-T651  (comparatively  high  resist- 
ance to  pitting).  A 4-year  exposure  to  a seacoast  environment,  which  is  con- 
siderably less  corrosive  than  the  alternate-immersion  environment,  showed  that 
peening  docs  improve  the  performance  of  2014-T651  and  can  prevent  failure  of 
7079-T651.  In  the  even  less  corrosive  industrial  inland  environment,  stressed 
specimens  of  noth  alloys  can  survive  for  several  years  without  failure.  These 
effects  are  illustrated  in  Fig.  43.  Short  transverse  7075-T6  tensile  specimens 
stressed  to  75%  of  their  yield  strength  and  exposed  to  the  mildly  corrosive 
industrial  environment  at  New  Kensington  fail  in  less  than  6 months,  whereas 
shot-peened  specimens  last  longer  than  17  yc'.rs  (191). 

The  reason  shot  peening  can  delay  or  prevent  SCC  is  twofold.  First,  cold 
working  of  the  surface  develops  high  compressive  surface  stre'ccs  in  a layer 
several  hundredths  of  an  inch  deep.  Second,  the  plastic  deformation  of  the 
surface  layer  distorts  and  bends  the  grain  boundaries,  thereoy  impeding  the 
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fig.  43.  Comysrison  of  the  effect  of  alloy  and  environment  on  the  protection  SCC 

afforded  by  peening  and  peening  plus  painting  on  specimens  stressed  in  the  short  transverse 
direction  to  75%  of  their  yield  strength  [ 193) 
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initiation  of  intergranular  corrosion  and  intergranular  stress  corrosion  cracks 
[191,1921-  If  pitting  corrosion  penetrates  the  cold-worked  surface  layer,  the 
beneficial  ef  fect  of  shot  peering  is  lost. 

The  necessity  of  achieving  thorough  saturation  of  the  cold-worked  surface 
cannot  be  emphasized  too  strongly.  Instances  where  peening  was  not  effective  in 
service  applications  have  often  been  attributed  to  critical  areas  not  being  worked 
or  worked  only  superficially. 

Painting  and  Coating.  Paint  systems,  in  general,  are  effective  measures  against 
surface  corrosion.  However,  a significant  disadvantage  of  paint  systems  in  pro- 
tecting against  SCC  is  that  they  provide  only  a barrier  layer  to  exclude  the 
environment.  Paint  coatings  lose  much  of  their  effectiveness  if  mechanical  dam- 
age occurs  (Fig.  44).  In  this  regard,  an  inadvertent  holiday  in  the  coating  or  a 
slight  scratch  may  be  all  that  is  required  to  destroy  its  protective  ability.  In 
service  applications,  the  stress  contributing  to  SCC  may  be  introduced  after 
protective  coatings  have  been  applied.  Although  organic  films  have  excellent 
flexibility,  microcrazing  can  occur  if  the  metal  is  deformed  appreciably.  It  is 
prudent  whenever  practicable,  and  particularly  when  severe  attack  is  expected. 


t/ POSURE  TO  ATMOSPHERE  (OAYSI 

(POINT  JUDITH.  R I , POINT  COMFORT.  TEXAS  AND 

NEW  KENSINGTON,  PA  COMBINED) 

Fig.  44.  Relative  protection  against  SCC  of  various  protective  systems  on  2014-T6S1 
and  7079-T6S 1 lhort  transverse  specimens  stressed,  to  7 5%  of  their  yield  strength  ( 191 , 
1931. 
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to  provide  paint  protection  to  shot-peened  parts  to  prevent  rapid  penetration  of 
the  cold-worked  surface  layer.  The  excellent  protection  afforded  by  the  com- 
bination of  peening  and  painting  is  illustrated  in  Fig.  44. 

Galvanic  Protection.  Since  it  is  impossible  to  maintain  the  integrity  of  coat- 
ings in  service,  sacrificial  aluminum  anodes  or  protective  claddings  are  sometimes 
used  to  supplement  the  primary  protection  provided  by  the  coating.  For 
example,  the  deep-diving  submersible  Aluminaut  uses  aluminum  alloy  anodes  to 
supplement  the  protection  of  the  pressure  hull  offered  by  several  layers  of 
polyurethane  coating  {75  j . 


0 0.1  0 2 0 3 0 4 0 6 

POTENTIAL  DIFFERENCE  (VOLTSl 

1 NORMAL  N«CI  SOLUTION  REFERRED  TO  A 
0 I NORMAL  CALOMEL  CELL  AT  25°C 

Fig.  45.  Effect  of  increasing  potential  difference  between  the  substrate 
metal  and  die  galvanic  coating  on  the  degree  of  protection  against  SCC  of 
short  transverse  specimens  stressed  to  75%  of  the  yield  strength  1 193  J. 

To  be  highly  effective,  galvanic  coatings  must  be  sufficiently  anodic  to  pro- 
vide adequate  electrochemical  protection.  The  effect  of  this  increasing  anodic 
relationship  on  the  degree  of  protection  for  a zinc  electroplate  and  zinc-rich 
paint  on  four  aluminum  alloys  is  shown  in  Fig.  45.  However,  standard  solution 
potential  measurements  provide  only  a limited  basis  for  predicting  the  feasibility 
of  electrochemically  protecting  any  given  alloy  by  a galvanic  coating.  The  actual 
degree  of  electrochemical  protection  depends  on  both  the  electrolyte  to  which 
the  system  is  exposed  and  the  cathodic  area  exposed. 
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The  effectiveness  of  (he  various  galvanic  coalings  on  2014-ToSI  and 
7079-T65I  is  compared  with  some  other  protective  treatments  in  Tigs.  46  and 
47.  Specimens  metallized  with  the  7072  alloy  performed  quite  well,  although 
some  failures  did  occur  in  some  metallized  7079-T651  specimens.  The  poorer 
performance  of  the  metallized  7079-T651  specimens  has  been  rationalized  on 
the  basis  of  the  smaller  difference  in  solution  potential  between  the  707<>-T65l 
and  the  7072  alloy  (Table  7). 


Table  7.  Solution  Potentials  of  Some 
Commercial  Aluminum  Alloys 


Alloy  and  Temper 

Solution  Potential 
(mV) 

2U24-T351 

700 

2014-T651 

-790 

7178-T65I 

-830 

7079-T65 1 

865 

7072 

-940 

Data  from  Ref.  248  (unpublished  data! 

Ave-agc  steady  value  m NaC'l-lljOj  solution,  referred 
to  0.1A  calomel  cell  at  25°(\ 


Pure  aluminum  coatings,  eposited  by  such  methods  as  ion  vapor  deposition 
or  vacuum  deposition,  also  provide  good  protection  to  7075-T6  aluminum  if  the 
coating  is  around  1 mil  thick  and  if  the  coating  is  protected  against  pitting  attack 
by  a supplementary  chromate  treatment. 

Magnesium  pigment  added  to  a proprietary  , air-curing,  inorganic  binder  has 
also  proved  to  be  effective  in  minimizing  SCC  of  7075-T6  [ 1 94 1 . Magnesium 
pigment  added  to  an  epoxy  primer  has  also  given  good  results  ( 1 95 1 . 

While  galvanic  coatings  have  the  important  advantage  over  other  protective 
measures  in  that  the  degree  of  protection  is  less  affected  by  mechanical  damage 
or  holidays  in  the  coating,  there  is  a limit  to  the  size  of  the  void  that  can  be 
elcctrochetnically  protected.  It  has  been  shown  that  a void  as  narrow  as  0.062S 
in.  can  seriously  impair  the  effectiveness  of  a 7072  metallized  coating  [194). 
Some  of  the  drawbacks  of  7072  metallized  coatings  are  that  they  have  a rough 
finish;  they  are  difficult  to  apply  to  dose  tolerances;  they  sometimes  spall  when 
formed,  drilled,  or  countersunk;  and  they  can  bridge  base  me'al  cracks  and  thus 
interfere  with  crack  or  defect  inspection.  Also,  their  porous  i ature  precludes 
die-penetrant  inspection. 

Zinc-plated  specimens  do  not  perform  as  well  as  metallized  specimens  in  the 
alternate-immersion  environment  due  to  the  relatively  rapid  consumption  of  the 


specimens  stressed  to  75%  of  their  yield  strength  [ 193 1 . 
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zinc  (Figs.  46  and  47).  In  atmospheric  tests,  overall  performance  of  the  zinc- 
plated  specimens  is  more  favorable,  with  failures  confined  to  7079-T651.  The 
effectiveness  of  zinc  electroplate  can  be  improved  through  use  of  paint  topcoats 
to  reduce  rapid  consumption  of  the  zinc  1 194) . While  zinc-electroplate  coatings 
arc  smooth  and  relatively  nonporous,  zinc  imparts  a greater  weight  penalty  than 
aluminum  metallized  coatings. 

Zinc-rich  epoxy  paint  systems  can  be  applied  with  normal  paint  procedures. 
Because  the  zinc  must  be  in  intimate  contact  with  the  substrate  metal  to  provide 
electrochemical  protection,  the  chromate  conversion  coating  and  primer  pre- 
treatments  cannot  be  used;  thus,  adhesion  is  less  for  the  zinc  paint  systems  than 
for  the  other  epoxy  systems.  Zinc-rich  paint  systems  provide  appreciable  pro- 
tection, however,  except  in  the  severe  alternate-immersion  environment  and 
when  intentionally  damaged  (Fig.  46  and  47). 

While  some  of  these  shot-peening  and  coating  treatment  can  do  an  effective 
job  of  delaying  SCC,  none  is  a substitute  for  the  selection  of  a stress-corrosion- 
resistant  alloy.  A possible  sequence  oi  events  leading  to  failure  of  a fully  pro- 
tected part  is  as  follows:  Mechanical  damage  can  cause  the  loss  of  the  protection 
afforded  by  the  anodized  layer,  the  primer,  and  the  topcoat,  thus  allowing  the 
environment  to  reach  the  shot-peened  layer.  Under  suitable  conditions  pitting 
corrosion  can  then  penetrate  the  shot-peened  layer,  leading  to  SCC  if  the 
material  is  susceptible  and  if  tensile  stresses  are  present.  It  should  be  noted  that 
future  aerospace  specifications  may  require  that  critical  forgings  be  subjected  to 
a 2000-hr  alternate-immersion  test  in  their  bare,  final-mcchined  condition  to 
locate  potential  problem  areas.  Wtile  it  may  be  sufficient  to  ensure  that  such 
located  problem  areas  are  adequately  peened  and  painted,  the  best  way  to  ensure 
passing  such  a test  is  to  use  SCC-resistant  materials. 

Protective  Treatments  for  Preventing  Exfoliation  and  Faying-Surface  Corro- 
sion. Exfoliation  corrosion  usually  starts  at  fastener  holes  because  the  holes  are 
drilled  after  the  protective  anodizing  a .o  conversion  coatings  are  applied.  Under 
service  conditions,  electrolytes  are  present  in  the  form  of  rain  condensation, 
paint  strippers,  brighteners,  seawater,  etc.  Corrosion  usually  originates  in  the 
countersink  areas  because  that  is  where  initial  penetration  by  the  electrolyte 
occurs.  Exfoliation  and  general  corrosion  also  often  start  at  faying  surfaces 
where  electrolytes  penetrate  the  space  between  riveted,  bonded,  or  bolted  over- 
lapping panels.  This  type  Of  corrosion  can  be  particularly  severe  if  absorbent 
materials  are  located  between  the  faying  surfaces.  Severe  corrosion  of  this  type 
can  cause  a loss  of  structural  strength. 

Typical  methods  of  combating  exfoliation  corrosion  involve  wet  installation 
of  rivets  treated  with  polysulfide  sealing  compound  or  zinc  chromate  primer. 
However,  recent  tests  (197)  on  7075-T6  and  7178  Tfc  have  indicated  that 
neither  of  these  materials  provides  complete  protection  against  exfoliation  corro- 
sion because  moisture  from  sustained  high-humidity  test  conditions  eventually 
penetrated  to  the  inside  surface  of  fastener  holes,  where  corrosion  occurred.  The 
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moistmc  was  not  merely  seeping  between  the  sealants  and  the  sides  of  the 
tastener  holes  but  was  permeating  the  sealants. 

Tins  weakness  of  the  elastomers  can  be  eliminated  b,  incorporating  a water- 
soluble  chromate  inhibitor  into  the  elastomer  |lc)7|.  Tilts  inhibitor  dissolves  in 
any  moisture  penetrating  the  sealant/mctal  interface  and  converts  it  into  a pro 
tective  solution.  The  validity  of  this  concept  has  been  proven  by  simulated 
service  tests,  and  field  tests  and  inhibitive  sealants  are  now  being  used  on  a 
number  of  commercial  and  military  aircraft  |197).  Inhibitive  compounds  arc 
now  being  produced  for  brush  application,  for  sj  laying,  for  fillet  work,  and  for 
faying  surfaces.  A special  formulation  with  aluminum  pigment  is  available  for 
use  as  a topcoating,  it  should  be  kept  in  mind  that  presently  used  inhibitors 
inhibit  general  corrosion  but  do  not  inhibit  the  growth  of  stress  corrosion  cracks. 

By  reducing  the  viscosity  of  the  inhibitive  sealants,  a successful  coating 
system  has  also  developed  from  these  materials;  it  is  now  being  used  on  aircraft 
surfaces,  in  the  rework  and  refinishing  of  dry  bays,  and  in  the  internal  spaces  of 
aircraft  wings  that  are  not  filled  with  fuel  [lb?].  Depiction  of  the  soluble 
chromate  ions  from  the  elastomer  coating  is  prevented  by  overcoating  with  an 
aluminized  elastomeric  antilcaching  topcoat. 

Proper  Storage 

Stress  corrosion  cracks  in  susceptible  high  strength  aluminum  alloys  such  as 
7079-Tb  and  7075-Tb  arc  often  found  in  parts  that  have  been  sitting  on  the  shelf 
awaiting  installation.  Residual  surface  tensile  stresses  exposed  by  machining  or 
resulting  from  straightening  or  forming  operations,  combined  with  a transverse 
giain  structure  and  the  water  vapor  normally  present  in  the  air.  arc  all  that  are 
required. 

Besides  in-service  cracking,  many  parts  fail  in  structures  even  before  the 
structure  has  performed  its  intended  mission.  Foi  example,  some  swaged 
7075-Tb  support  struts  for  the  lunar  module  were  found  to  contain  stress  corro- 
sion cracks.  Such  problems  are  of  great  importance,  especially  since  storage 
times  may  greatly  exceed  original  plans  due  to  funding  cutbacks,  etc.  In  this 
regard,  recently  measured  quantitative  crack  velocity  data  may  be  useful  (73|. 
These  data  suggest  that  if  relative  humidities  in  storage  areas  arc  maintained 
below  about  2%.  stress  corrosion  cracks  could  not  grow  faster  than  about  10~8 
cm/sec,  even  if  eraekiike  flaws  were  already  present  and  loaded  to  high  A'j 
levels.* 


•further  practical  guidance  in  the  avoidance  of  SCC  in  aerospace  structures  is  given  in 
Military  Specification  MIL.  t -719D  (3  March  1969)  on  finishings  and  coatings  and  in 
"General  Specifications  for  Design  and  Construction  of  Aircraft  Weapon  Systems  SD-24J, 
Veil  L fixed  Wing  Aircraft."  I n o-mHcr  1966.  (Editor) 


ACKNOWLEDGMENTS 


Ihc  authors  would  like  to  thank  their  colleagues  Dr.  T.  R.  Beck  D..  M.  j. 
Blackburn,  and  Dr.  W.  II.  Smyrl  lor  many  helpful  discussions.  Managerial 
supnort  by  Dr.  D.  F.  Piper  and  Dr.  II.  Brunner  is  gutcfully  acknowledged.  Mr.  C. 
Bilbao  provided  valuable  experimental  assistance. 

4.7  References 

1.  Registration  Record  of  Aluminum  Associate. n Alloy  Designations  and 
Chemical  Composition  Limits  for  Wrought  Aluminum  Altovs.  I he 
Aluminum  Association. 

2.  Aluminum  Standards  and  Data.  2nd  ed  . The  Aluminum  Association, 
December  19(19. 

3.  Alcoa  Aluminum  Handbook.  Aluminum  Company  of  America.  1967. 

4.  P.  J.  Wright,  Aluminum  Company  of  America,  private  communication. 

5 R.  A.  Schultz.  “Alcoa  Aluminum  Alloy  2021.”  Alcoa  Green  Letter . 
Aluminum  Company  of  America,  Apr.  1968  (not  released  for  publication). 

6.  Hiduminium  Technical  Data.  High  Duty  Alloys  l.td.,  Slough,  Bucks. 
England. 

7.  E.  C.  Macicjcwski,  Harvey  Aluminum,  Inc.,  private  communication.  July 
17,  1970. 

8.  Aluminum  7076.  published  by  Engineering  Alloy  Digest.  Inc..  Upper 
Montclair.  N.J.,  Filing  Code:  AN  43  Aluminum  Alloy.  Feb.  1965. 

9.  Aluminum  Alloy  Armor  Plate,  Heat  Treatable.  Weldable,  Mili’ary  Specifi- 
cation MIE-A-46063B,  Feb.  15,  1965. 

10.  Aluminum  Alloy  Die  forgings  and  Hand  Purgings,  7.7  in-2.. 5 Mg- 1.5 
Cu-0.15  Cr  ( 7049-T73),  Proposed  Aerospace  Material  Specification  AMS 
41  DM.SAE,  Nov.  25,  1969. 

11.  R A.  Schultz,  "Alcoa  Alloys  7075-T76  and  7178T76.”  Alcoa  Greet : 
Letter.  Aluminum  Company  of  America,  Apr.  1970. 

12.  R.  A.  Schultz,  “Alcoa  Alloy  7075-T73,”  Alcoa  Green  Letter.  Aluminum 
Company  of  America,  June  1969  (not  released  for  publication). 

13.  Alcoa  Alloy  X70R0  Preliminary  Technical  Information,  Aluminum  Com- 
pany of  America,  Sept.  1965  (not  released  for  publication). 

14  Tacts  About  a Hew  Alcoa  Alloy  (7I75-T66  and  71 75-T736 ),  Technical 
Information  on  Premium  Strength  P'orgings,  Aluminum  Company  of 
America,  May  1 , 1968. 

15.  J.  A.  Dickson,  “Alcoa  467  Process  X7475  Alloy,”  Alcoa  Green  Letter, 
Aluminum  Company  of  America.  May  1970  (not  icleased  for  publication). 

16.  Semi-finished  Products  in  Aluminum,  Magnesium.  Titanium,  Otto  Fuchs 
Metallwcrkc  Mcincrzhagen/Westfalen,  Aug.  1963. 

17.  Aluminum  Alloy  forgings.  Federal  Specification  QQ-A-367g,  June  30, 
1966. 


•v*  • • 


r Aft**  V.  * ■ *+ 


232 


HIGH  STRENGTH  ALUMINUM  ALLOYS 


IX.  Aluminum  Alloy  Armor,  Forged.  Military  Specification  MIL-A- 
4522SC(MR),  Jan.  19,  1070. 

10.  B.  W.  Lifka  and  J.  G.  Kaufman,  Fracture  Toughness,  Fatigue  Crack 
Propagation  and  Corrosion  Characteristics  of  Aluminum  Alloy  Plates  for 
Wing  Skins.  Quarterly  Report  4,  March  2 to  June  3,  1964,  Contract 
AF33(6X?)-|  1 155,  Aluminum  Company  of  America.  Jone  15,  1964. 

20.  J.  G.  Kaufman  and  M,  Holt,  Fracture  Characteristics  of  Aluminum  Alloys, 
Technical  Paper  IX,  Alcoa  Research  Laboratories,  Aluminum  Company  of 
America,  1965. 

21.  J.  G.  Kaufman,  G.  E.  Nordmark,  and  B.  W.  Lifka,  Fracture  Toughness 
Characteristics  of  7075-T651.  7075-T735I  and  7079-T65I  Aluminum 
Alloys,  Technical  Report  AFML-TR-65-1 70,  Wright-Patterson  AFB,  Ohio, 
May  i9o5. 

22.  G F.  Nordmark,  B.  V>'.  Li  Ik  a,  and  j.  G.  Kaufman,  Fracture  Toughness, 
Fatigue  Crack  Propagation  and  Corrosion  Characteristics  of  Aluminum 
Alloy  Plates  for  Wing  Skins,  Yearly  Summary  Technical  Report,  June  3, 

1964,  to  June  3,  1965,  Contract  AF33(615)-20I2,  Aluminum  Company 
of  America,  June  15,  1965. 

23.  G.  h.  Nordmark,  B.  W.  Lifka.  and  J.  G.  Kaufman,  Fracture  Toughness, 
Fatigue  Crack  Propagation  and  Corrosion  Characteristics  of  Aluminum 
Alloy  Plates  for  Wing  Skins,  Quarterly  Report,  'une  3 to  Sept.  3,  1965, 
Contract  AF33(6!5)-20(2,  Aluminum  Company  of  America,  Sept.  15, 

1965. 

24.  C.  M.  Carman,  0.  F.  Armiento,  and  H.  Markus,  Plane-Strain  Fracture 
Toughness  of  High-Strength  Aluminum  Alloys,  Report  A65-16,  United 
States  Army,  Frankford  Arsenal,  Philadelphia,  Pa.,  Dec.  1965. 

25.  G.  F..  Nordmark,  B.  W Lifka,  and  J.  G.  Kaufman,  Fracture  Toughness, 
Fatigue  Crack  Propagation  and  Corrosion  Characteristics  of  Aluminum 
Alloy  Plates  for  Wing  Skins,  Quarterly  Report,  Sept.  3 to  Dec.  3,  1965, 
Contract  AF33(615)-20!2,  Aluminum  Company  of  America,  Dec.  15, 
1965. 

26  Alcoa  Research  Laboratories  F)f>6  Research  Review,  Application  Engi- 
neering Division,  Aluminum  Company  of  America,  New  Kensington,  Pa. 
(not  released  for  publication), 

27.  J.  G.  Kaufman,  G.  E.  Nordmark,  and  B.  W.  Lifka,  Fracture  Toughness, 
Fatigue  and  Corrosion  Characteristics  of  2020-T65I,  2024  T85 1. 
22I0-TH51.  and  7001-T75  Aluminum  Alloys,  Technical  Report  AKML- 
TR-66-291,  Wright-Patterson  AFB,  Ohio,  Sept.  1966, 

28.  G.  J.  Petrak,  evaluation  of  the  Plane  Strain  Fracture  Properties  of  an 
X7080-T7  Aluminum  Alloy  Forging,  Report  MAA  67-",  Contract 
E3361 5-67-C-l  262,  University  of  Dayton  Research,  Feb,  196  7. 

29.  S.  O.  Davis  ct  ai.,  Fffect  of  Specimen  Type  and  Crack  0 dentation  on 
Fracture  Toughness,  Technical  Report  AFML-TR-67-32,  Ma  erials  Infor- 
mation Research,  Wright-Patterson  AFB,  Ohio,  Mar.  1967. 


f 


RH  1 RiNCKS 


2 33 


30.  Mechanical  Property  Data,  7039  Aluminum.  Plate  (T65I  Condition), 
prepared  by  Battelle  Memorial  Institute,  Columbus  Laboratories,  Colum- 
bus, Ohio,  under  Contract  AF33(615)-2494,  and  issued  by  Air  Force 
Materials  Laboratory,  Research  and  Technology  Division,  Air  Force 
Systems  Command,  Wright-Patterson  AFB,  Ohio,  Mar.  1967. 

31.  11.  J.  Oberson,  Metallurgical  Evaluation  of  X7080-T7  Aluminum  Forging 
AUov,  Document  T6-5258,  The  Boeing  Company,  Dec.  8.  1967. 

32.  J . W.  Coursen,  Mechanical  Properties  and  Fracture  Characteristics  of  Some 
7075-T651,  T735I,  and  T7651  and  7178-T6S1  and  T76S1  Plate,  Report 
9-68-4,  Aluminum  Company  of  America,  New  Kensington,  Pa.,  Jan.  23, 
1968  (not  released  for  publication). 

33.  R.  V.  Turley,  Evaluation  of  Aluminum  Alloy  X7080-T7  Hand  Forging, 
Engineering  Technical  Report  ETR-DAC-67295,  Materials  Research  and 
Process  Engineering,  Douglas  Aircraft  Division,  Oct.  23,  1968. 

34.  R.  L.  Moore,  G.  E.  Nordmark,  and  B.  W.  Lifka,  Stress-Corrosion  and 
Corrosion  Fatigue  Susceptibility  of  High-Strength  Alloys,  6th  Quarterly 
Report,  Contract  AF33(61 5)-67-C-l922,  Aluminum  Company  of  America, 
Oct.  31  to  Dec.  31,  1968. 

35.  P.  M.  Lorenz,  Effect  of  Pressurized  Hydrogen  Upon  Inconel  71  Hand  2219 
Aluminum,  Jet  Propulsion  Laboratory  Contract  P.0.  EG  479375  and 
University  of  California  Contract  P.O.  G 845350,  Document  D2-1 14417-1 , 
The  Boeing  Company,  Seattle,  Wash.,  Feb.  1969. 

36.  P.  M.  Lorenz,  Compatibility  of  Tankage  Materials  With  Liquid  Propellants, 
Technical  Report  AFML-TR-69-99,  Wright-Patterson  AFB,  Ohio,  May 
1969. 

37.  J.  Triz.il,  Investigation  of  the  7039  Aluminum  Alloy,  Document 
T2-1 14449-1 , The  Boeing  Company,  Seattle,  Wash..  July  1969. 

38.  J.  G.  Kaufman,  P.  F.  Schilling,  and  F.  G.  Nelson,  “Fracture  Toughness  of 
Aluminum  Alloys,"  Metals  Eng.  Quart.  9,  39  (Aug.  1969). 

39.  J.  G.  Kaufman,  P.  E.  Schilling,  G.  E.  Nordmark,  B.  W.  Lifka,  and  J.  W. 
Coursen,  Fracture  Toughness.  Fatigue  and  Corrosion  Characteristics  of 
X7080-T7E4I  and  7I78-T651  Plate  and  7075-T6510,  7073-T 73310. 
X7080-T7E42,  and  7I78-T65I0  Extruded  Shapes,  Technical  Report 
AFML-TR-69-255,  Wright-Patternson  AFB,  Ohio,  Nov.  1969. 

40.  F.  R.  Schwartzberg,  R.  D.  Keys,  and  T.  F.  Kiefer,  “Fracture  Behavior  of 
Two  New  High-Strength  Aluminum  Alloys,”  Metals  Eng.  Quart.  9,  S3 
(Nov.  1969). 

4 1 . 7U49-T73  Kaiser  Aluminum 's  New  A luminum  Alloy  for  Forgings,  Kaiser 
Aluminum,  Jan.  1970. 

42.  D.  0.  Sprowls  and  R.  H.  Brown,  Resistance  of  Wrought  High-Strength 
Aluminum  Alloys  to  Stress  Corrosion.  Technical  Paper  17,  Aluminum 
Company  of  America,  New  Kensington,  Pa.,  1962. 


234  HIGH  STRENGTH  ALUMINUM  ALLOYS 

43.  I).  0.  Sprowls  and  K.  H.  Brown,  “What  Every  Engineer  Should  Know 
About  Stress  Corrosion  of  Aluminum,”  Metals  Prog.  81  (No.  4),  79, 
(1962). 

44.  1).  ().  Sprowls  and  R.  II.  Brown.  “What  Every  Engineer  Should  Know 
About  Stress  Corrosion  of  Aluminum,”  Metals  Prog.  81  (No.  5 ),  97 
(1962). 

45.  R.  H Brown.  D.  O.  Sprowls,  and  M.  B.  Shumaker,  “Influence  of  Stress  and 
Environment  on  (lie  Stress-Corrosion  Cracking  of  High  Strength  Alumi- 
num Alloys,"  Engineering  Practice  to  Avoid  Stress  Corrosion  Cracking , 
AGARD  Conference  Proceedings  S3.  NATO,  Feb.  Il,70. 

46.  M.  0.  Speidel,  The  Boeing  Company.  Seattle.  Wash.,  unpublished  data. 

47.  M.  O.  Speidel,  “Current  Understanding  of  Stress  Corrosion  Crack  Growth 
in  Aluminum  Alloys,"  in  The  Theory  of  Stress  Corrosion  Cracking  in 
Alloys,  Proceedings  of  a Research  Evaluation  Conference,  Portugal,  pub- 
lished 1971  by  NATO  Scientific  Affairs  Division,  Brussels. 

48.  M.  V.  Hyatt  The  Be  ung  Company,  Seattle,  Wash.,  unpublished  data. 

49.  J.  A.  Dickson,  “Aluminum  Alloy  2124."  Alcoa  Green  Letter,  Aluminum 
Company  of  America,  September  1970  (not  released  for  publication). 

50.  S.  M.  Wiedcrhorn.  “Moisture  Assisted  Crack  Growth  in  Ceramics,"  bit.  J. 
Fracture  Mech.  4 (No.  2),  171  (June  1968). 

51.  S.  R.  Novak  and  S.  1.  Rolfe,  “Modified  WOL  Specimen  for  Ktscc 
Environmental  Testing,”  / Mater.  4 (No.  3),  701  (1969). 

52.  W.  RosenJtain  and  S.  L.  Archbutt,  “On  the  Inter-Crystalline  Fracture  of 
Metals  Under  Prolonged  Applications  of  Stress  (Preliminary  Paper),"  Proc. 
Rov.  Soc.  London  96A,  55  (1919). 

53.  W.  Roscnkran/.,  Forsehungsber.  Wins.  Verkehrsmin.  Nordrhein-Westfalen 
158,  1956. 

54.  F.  H.  Haynie  and  W.  K.  Boyd,  Stress-Corrosion  Cracking  of  Aluminum 
Alloys,  DMIC  Report  228,  BattelleMem.  Inst.,  July  1966. 

55.  D.  O.  Sprowls  and  R.  11.  Brown,  “Stress  Corrosion  Mechanisms  lor 
Aluminum  Alloys,"  Proc.  Conf  on  Fundamental  Aspects  of  Stress 
Corrosion  Cracking,  NACE,  Houston,  Texas,  1969,  p.  466. 

56.  E.  H.  Spuhler  and  C.  L.  Burton,  "Avoiding  Stress-Corrosion  Cracking  in 
High  Strength  Aluminum  Alloy  Structures,"  Alcoa  Green  Letter,  Alumi- 
num Company  of  America,  Aug.  1,  1962,  revised  Apr.  1970  (not  released 
for  publication). 

57.  Stres-  Corrosion  Testing  Methods,  ASTM  STP  425,  A met.  Soc.  Testing 
Mater.,  Philadelphia,  Pa.,  1967,  p.  3. 

58.  J.  S.  Prestley,  Jr.,  Effect  of  SJress  Orientation  on  Resistance  to  Stress- 
Corrosion  Cracking  of  Wrought  Aluminum  Products.  MRD  35  90r-3-T7 
Reynolds  Metal  Company,  Feb.  19,  1965. 

59.  F.  H.  Haynie,  D.  A.  Vaughan,  D.  I.  Phalen,  W.  K.  Boyd,  and  P.  D.  Frost,  A 
Fundamental  Investigation  of  the  Nature  of  Stress-Corrosion  Cracking  in 


Rl  I I kl  N(  I S 


235 


Aluminum  Alloys,  Technical  Report  AFML-TR-66-267,  Wright-Patterson 
AFB,  Ohio,  June  1966.  p.  67. 

60.  M.  S.  Hunter  and  W.  G.  Fricke.  Jr.,  Study  of  Crack  Initiation  I’hcnomena 
Associated  With  Stress  Corrosion  of  Aluminum  Alloys,  Final  Summary 
Report.  NASA  Contract  NAS  8-20396,  Aluminum  Company  of  America. 
New  Kensington,  Pa.,  Oct.  6,  1969. 

61 . J.  IF  Mulherin,  Influence  of  Environment  on  Crack  Propagation  Character- 
istics of  High  Strength  Aluminum  Alloys,  ASTM  STP  425,  Amer  Soc. 
Testing  Mater.,  Philadelphia,  Pa.,  1967,  p.  66. 

62.  C.  F.  Tiffany,  P.  M.  Loren/.,  and  R.  C.  Shah,  Extended  Loading  of 
Cryogenic  Tanks,  NASA  Contract  NAS  3-6290,  The  Boeing  Company. 
Seattle,  Wash.,  1966. 

63.  L.  R.  Hall  and  C.  F.  Tiffany,  Fracture  and  Haw  Growth  Investigation  lor 
2014-T6  Aluminum  Weldments  Used  in  Saturn  II  LHi  Tanks,  NASA 
Co.  tract  NAS  8-5608,  The  Boeing  Company,  Seattle,  Wash.,  Nov.  15, 
1967. 

64.  T G.  Gooch,  D.  McKeo'1  n,  and  D.  Willingham,  “Stress  Corrosion  of 
Welded  Materials:  evaluation  and  Control,”  Metal  Const.  Br  Welding  J. 
1,469  (Oct.  1969). 

65.  J.  G,  Kaufman,  P.  E.  Schilling,  G.  E.  Nordnrark,  B.  W.  Lifka,  and  J.  W, 
Coursen,  Fracture  Toughness,  Fatigue,  and  Corrosion  Characteristics  of 
X70S0-T7F41.  and  717H-T6S1  Place  and  7075-T6510,  7075-T735W, 
X7080-T7E42,  and  7I78-T6SI0  Extruded  Shapes,  Technical  Report 
AFML-TR-69-255,  Air  Force  Materials  Laboratory,  Wright-Patlerson  AFB. 
Ohio,  Nov.  1969. 

66.  Lee  Craig,  Reynolds  Metal  Company,  private  communication,  July  15, 
1970. 

67.  M.  V.  Hyatt,  Effects  of  Residual  Stresses  on  Stress-Corrosion  Crack 
Growth  Rates  in  Aluminum  Alloys,  Document  D6-24469.  The  Boeing 
Company.  Seattle,  Wash.,  Nov.  1969,  also,  Corrosion  26  (No.  12),  547 
(1970). 

68.  M.  O.  Speidcl,  "Effect  of  Stress  and  Environment  on  Velocity  and 
Branching  of  Subcrilical  Cracks,”  paper  presented  at  AIME  Spring 
Meeting,  Las  Vegas,  Ncv.,  May  1970. 

69.  T.  A.  Renshjw,  “New  Approaches  to  the  Analysis  of  Stress  Corrosion 
Data,”  in  Technical  Report  AFML-TR-67-329,  Proceedings  of  the  Air 
Force  Materials  Laboratory  Fiftieth  Anniversary  Technical  Conference  on 
Corrosion  of  Military  and  Aerospace  Equipment , Denver,  Colo.,  Nov. 
1967. 

70.  J.  E.  Campbell,  Effects  of  Hydrogen  Gas  on  Metals  at  Ambient 

. . Temperature  DMIC  Report  5-31,  Battclle  Mem.  Inst.,  April  1970. 

71.  R.  J.  Walter  and  W.  T.  Chandler,  Effects  of  High-Pressure  Hydrogen  on 
Metals  at  Ambient  Temperature,  Reports  of  NASA  Contract  NAS  8-19, 
1969. 


236 


Hl<;il  STRI  NOTH  ALUMINUM  ALLOYS 


72.  R.  M.  Vcnnett  and  G.  S.  Ansel],  “A  Study  of  Gaseous  Hydrogen  Damage 
in  Certain  FCC  Metals,”  Trans.  ASM,  62,  1007  ( 1969). 

73.  M.  V.  Hyatt  and  M.  O.  Spe.del , Stress-Corrosion  Cracking  of  High  Strength 
Aluminum  Alloys,  Document  D6-24840,  The  Boeing  Company,  Seattle, 
Wash.,  1971. 

74.  M.  S.  Hunter,  Study  of  Crack  Initiation  Phenomena  Associated  With  Stress 
Corrosion  of  Aluminum  Alloys,  One-Year  Summary  Report,  NASA 
Contract  NAS  8-20396,  Aluminum  Company  of  America,  New  Kensing- 
ton, Pa.,  1967. 

75.  H.  L.  Craig,  Jr.,  and  F.  E.  Loftin,  “Preventing  Stress  Corrosion  Failures  in 
Susceptible  Alloys"  (to  be  published  in  Corrosion). 

76.  J.  McHardy  and  E.  H.  Hollingsworth,  Investigation  of  the  Mechanism  of 
Stress  Corrosion  of  Aluminum  Alloys.  Final  Report,  U.S.  Navy,  Bureau  of 
Naval  Weapons  Contract  NOw  65-0327f,  Aluminum  Company  of  America, 
New  Kensington,  Pa.,  1966. 

77.  1.  L.  Rosenfeld  and  1.  K.  Marshakov,  “Mechanism  of  Corrosion  of  Metals 
in  Narrow  Cracks  and  Crevices,"  Zh.  Fiz.  Khim.  31, 2328  (1957). 

78.  W.  F.  Helfrich,  “Influence  of  Stress  and  Temperature  on  Short  Transverse 
Stress  Corrosion  Cracking  of  an  Al-4.2Zn-2.5Mg  Alloy,”  ASTM  STP  425, 
Amer.  Soc.  Testing  Mater.,  Philadelphia,  Pa.,  1967. 

79.  B.  W.  Lifka.  unpublished  work  at  Alcoa  Research  Laboratories,  reported 
by  D.  O.  Sprowls  and  R.  H.  Brown,  Proceedings  of  Conference  on 
Fundamental  Aspects  of  Stress  Corrosion  Cracking.  NACE,  Houston, 
Texas,  1969,  p.  466. 

80.  R.  P.  M.  Procter  and  H.  W.  Paxton,  “Stress  Corrosion  of  the  Aluminum 
Alloy  7075-T651  in  Organic  Liquids,"  ASTM  J.  Mater.  4.  729  (1969). 

81.  H.  W.  Paxton  and  R.  P.  M.  Procter,  “The  Stress  Corrosion  Cracking  of 
7075-T6  Aluminum  Alloy  in  Organic  Liquids,"  Proceedings  of  Conference 
on  Fundamental  Aspects  of  Stress  Corrosion  Cracking,  NACE.  Houston, 
Texas.  1969,  p.  509. 

82.  W.  Rostoker,  J.  M.  McCaughey,  and  H.  Markus,  Fmhrittlement  by  Liquid 
Metals,  Reinhold  Publishing  Co.,  New  York,  1960. 

83.  E.  H.  Dix,  jr , W.  A.  Anderson,  and  M.  B.  Shumaker,  “Influence  of  Service 
Temperature  on  the  Resistance  of  Wrought  Aluminum-Magnesium  Alloys 
to  Corrosion,"  Corrosion  IS  (No.  2)  (Feb.  1959). 

84.  C.  L.  Brooks,  “Aluminum-Magnesium  Alloys  5086  and  5456-H116"  Nav. 
Eng.  J.  82  (No.  4),  29  (Aug.  1970). 

85.  W.  A.  Anderson,  Treatment  of  Aluminum-Magnesium  Alloys,  U.S.  Patent 
3,237,796,  Feb.  1,  1966. 

86.  E.  H.  Dix,  Jr.,  W.  A.  Anderson,  and  M.  B.  Shumaker,  Development  of 
Wrought  Aluminum-Magnesium  Alloys,  Technical  Paper  14;  Alcoa  Re- 
search Laboratories,  Aluminum  Company  of  America,  1958. 

87.  C.  L.  Wood,  Jr.,  "Selecting  Wrought  Aluminum  Alloys  for  Marine  Use,” 
Alcoa  Green  Letter,  Aluminum  Company  of  America.  June  1969. 


HI.11R1NOS 


237 


88.  P.  Brenner  and  G.  J.  Metcalfe.  “The  Effect  of  Cold  Work  on  the 
Microstructurc  and  Corrosion-Resistance  of  Aluminum-5%  Magnesium 
Alloys  Containing  0-1%  Zinc,”/  Inst.  Metals  81, 261  (1952). 

89.  H.  B.  Romans,  “An  Accelerated  Laboratory  Test  to  Determine  the 
Exfoliation  Corrosion  Resistance  of  Aluminum  Alloys,”  Mater.  Res 
Stand  9,31  (Nov.  1969). 

90.  D.  0.  Sprowls,  T.  J.  Summerson,  H.  B.  Romans,  and  S.  J.  Sansonetti,  The 
Aluminum  Association  Tentative  Exfoliation  Test  for  Al-Mg  Alloys  for 
Boat  and  Ship  Hull  Construction,  The  Aluminum  Association,  1970. 

91.  7 ne  Aluminum  Association  ASSET  lmme,sion  Test  for  Aluminum  Alloys 
5086  and  5456  Plate.  Sheet,  and  Extrusions,  for  Seawater  Applications, 
The  Aluminum  Association  (to  be  published). 

92.  Aluminum  Alloy  5456  Plate  and  Sheet  for  Seawater  Applications,  Federal 
Specification  QQ-A-00250/20,  Dec.  31,  1968. 

93.  J.  A.  Ford  and  M.  J.  Pry  or.  Corrosion  Performance  of  MRL-A8,  Report 
MRL-70-PR-1 1 , Project  0335,  Olin  Metals  Research  Laboratories,  New 
Haven,  Conn.,  Feb.  19,  1970. 

94.  R.  Chadwick,  N.  B.  Muir,  and  H.  B.  Granger,  “The  Effect  of  Iron, 
Manganese  and  Chromium  on  the  Properties  in  Sheet  Form  of  Aluminum 
Alloys  Containing  0.7%  Mg  and  1 .0%  Si,”  /.  Inst.  Metals  82,  75  (1953-54). 

95.  E.  H.  Dix,  Jr.,  R.  H.  Brown,  and  W.  W.  Binger,  ASM  Metals  Handbook,  8th 
ed.  Vol.  1,  p.  916. 

96.  J.  G.  Williamson,  “Stress  Corrosion:  Satum  V Fights  Back,"  Mater.  Eng. 
67,  35  (June  1968). 

97.  D.  C.  Baxter,  High  Duty  Alloys  Ltd.,  Slough,  Bucks.  England,  private 
communication,  June  1970. 

98.  S.  J.  Ketcham,  “Polarization  and  Stress-Corrosion  Studies  of  an  Al-Cu-Mg 
Alloy,”  Corrosion  Sci.  7 (No.  6),  305  ( 1 967). 

99.  J.  A.  Nock,  Jr.,  “Properties  of  Commercial  Wrought  Alloys,”  Aluminum, 
Vol.  1:  Properties,  Physical  Metallurgy,  and  Phase  Diagrams  (K  R.  Van 
Horn,  ed.),  American  Society  for  Metals,  1967,  pp.  303-336. 

100.  W.  D.  Robertson,  “Correlation  of  Mechanical  Properties  and  Corrosion 
Resistance  of  24S-Type  Aluminum  Alloys  as  Affected  by  High  Tempera- 
ture Precipitation,"  Trans.  Amen  Inst.  Mining  Metal.  Eng.,  Institute  of 
Metals  Division,  166,  216  1946. 

101.  R.  L.  Horst,  Jr.,  E.  H.  Hollingsworth,  and  W.  King,  "A  New  Solution 
Potential  Measurement  for  Predicting  Stress-Corrosion  Performance  of 
2219  Aluminum  Alloy  Products,"  Corrosion  25  (No.  5),  199  (May  1969). 

102.  H.  Y.  Hunsicker,  “The  Metallurgy  of  Heat  Treatment,"  Aluminum,  Vol.  1: 
Pr-  nerties,  Physical  Metallurgy,  and  Phase  Diagrams  (K.  R.  Van  Horn,  ed.) 
American  Society  for  Metals,  1967,  pp.  109-162. 

103.  M.  B.  Shumeker  and  W.  B.  Vernam,  unpublished  work  at  Alcoa  Research 
Laboratories  (1962)  reported  by  D.  O.  Sprowls  and  R.  H.  Brown, 


238 


HIGH  STRENGTH  ALUMINUM  ALLOYS 


Proceedings  of  Conference  on  fundamental  Aspects  of  Stress  Corrosion 
Cracking.  NACE,  Houston,  Texas,  1 969,  p,  466. 

104.  W.  D.  Vernan  and  W.  A.  Anderson,  Thermal  Treatment  oj  Aluminum 
Base  Alloy  Products.  U.S.  Paient  3,171,760,  Mar.  2,  1965. 

105.  M.  O.  Speidel,  "Interaction  of  Dislocations  With  Precipitates  in  High 
Strength  Aluminum  Alloys  and  Susceptibility  to  Stress  Corrosion  Crack- 
ing,” Proceedings  of  Conference  on  Fundamental  Aspects  of  Stress 
Corrosion  Cracking.  NACE,  Houston,  Texas,  1969,  p.  561 . 

106.  D.  O.  Sprowls  and  J.  A.  Nock,  Jr.,  Thermal  Treatment  of  Aluminum  Base 
Alloy  Article.  U.S.  Patent  3.198,676.  Aug.  3.  1965. 

107.  J.  A.  Vaccari,  “New  Wrought  Aluminum  Alloys  Fight  Corrosion,”  Mater 
Eng.  71, 22  (June  1970). 

108.  R.  L.  Horst,  Jr.,  and  B.  W.  Lifka.  “Prediction  of  Exfoliation  and  Stress 
Corrosion  Performance  of  7178-T76  and  7075-T76  Aluminum  Alloy  Sheet 
and  Plate,”  Corrosion  26  (No.  3),  1 1 1 (Mar.  1970). 

109.  Heat  Treatment,  Aluminum  Alloys,  Military  Specification  M1L-H-6088D, 
Dec.  23,  1 9o8. 

1 10.  J.  T.  Staley,  Investigation  to  Improve  the  Stress-Corrosion  Resistance  of 
Aluminum  Alloys  Through  Alloy  Additions  and  Specialized  Heat  Treat- 

| ment.  Final  Report,  Naval  Air  Systems  Command  Contract 

N00019-68-C-0146,  Feb.  28,  1969. 

111.  E.  DiRusso,  Further  Investigations  on  Wrought  Complex  Al-Zn-Mg-Cu 
Alloys,  Final  Status  Report,  Contract  DA-91-591-EUC  3425,  European 
Research  Office,  July  26,  1965. 

112.  1.  J.  Polmear,  “A  Trace-Element  Effect  in  Alloys  Based  on  the  Al-Zn-Mg 
System,"  Nature  186,  303-304  (Apr.  23,  1960). 

113.  I.  J.  Polmear,  “The  Aging  Characteristics  of  Complex  Al-Zn-Mg  Alloys: 
Distinctive  Effects  of  Copper  and  Silver  on  the  Aging  Mechanism,”  / Inst. 
Metals  89 , 5 1 -59  ( 1 960- 1961). 

1 14.  I.  J.  Polmear,  “The  Properties  of  Commercial  Al-Zn-Mg  Aiioys:  Practical 
Implications  of  Trace  Additions  of  Silver.”  / Inst.  Metals  89,  193-202 
(1960-1961). 

115.  I.  J.  Polmear,  “Studies  on  High  Strength  Aluminum  Alloy  in  Australia.” 
Metal  Prog.  81 , 82  (Jan.  1962). 

116.  J.  T.  Vietz,  K.  R.  Sargent,  and  1.  J.  Polmear,  “The  Influence  of  Small 
Additions  of  Silver  on  the  Aging  of  Aluminum  Alloys:  Further  Observa- 
tions of  Al-Zn-Mg  Alloys,”  / Inst.  Metals  92,  327  (1963-1964). 

117.  1.  J.  Polmear,  “Tensile  Properties  of  Modified  Aluminum-Zinc-Magnesium 
Alloys  Containing  Silver,"/.  Inst.  Metals  94,  36-37  (1966). 

118.  E.  DiRusso,  Structural  and  Mechanical  Properties  and  Stress-Corrosion 
Resistance  of  Wrought  Complex  Alloys  of  the  Al-Zn-Mg-Cu  System  With 
Defined  Amounts  of  Chromium.  Zirconium,  and  Silver,  U.S.  Army 
Contract  DA-91 -59 1-EUC  2464,  Report  1 3.719/6407.069,  Instituto  Speri- 
men  tale  Dei  Metalli  Leggeri,  July  21,  1964. 


Rl  l KRf.NCTS 


239 


1 19.  E.  DiRusso,  “Experimental  Investigation  on  Complex  Al-Zn-Mg-Cu  Alloys 
With  Controlled  Amounts  of  Chromium,  Zirconium,  and  Silver,”  Aluminio 
33,  505-5 19  (Oct.  1964). 

120.  E.  DiRusso,  "Resistance  to  Stress-Corrosion  and  Structural  Characteristics 
of  Al-Zn-Mg-Cu  Alloys  With  Controlled  Amounts  of  Chromium,  Zirco- 
nium, and  Silver,”  Aluminio,  Neuva  Mctallurgia,  XXXIV,  331  (July  1965). 

121.  W.  Rosenkranz  (assignor  to  Otto  Fuchs  Metallwerke),  Al-Mg-Zn  Alloy 
Having  High  Stress-Corrosion  Resistance , U.S.  Patent  2,823,994,  Feb.  18, 
1958. 

122.  W.  Rosenkranz,  “Development  of  a High  Strength,  Stress-Corrosion 
Resistant  Alloy  of  the  Al-Zn-Mg  Type;  Part  II:  The  Effect  of  the  Chemical 
Composition  on  the  Artificial  Aging  and  Stress-Corrosion  of  High  Strength 
Al-Zn-Mg-Cu  Alloys,”  A luminum  39,  741-752  (Dec.  1963). 

123.  R.  W.  Elkington  and  A.  N.  Turner,  “The  Effect  of  Silver  on  the  Stress- 
Corrosion  Resistance  of  High  Strength  Al-Zn-Mg-Cu  Alloys,”  J.  Inst. 
Metals  95,  294-298  (1967). 

124.  A.  J.  Kennedy,  “The  Prospects  for  Materials,"  Aeron.  J.  Roy.  Aeron.  Soc. 
73  (No.  697),  1 (Jan.  1969). 

125.  J.  C.  McMillan  and  M.  V.  Hyatt,  Development  of  High-Strength  Aluminum 
Alloys  With  Improved  Stress-Corrosion  Resistance,  Technical  Report 
AFML-TR-68-148,  Air  Force  Materials  Laboratory.  Wright-Patterson  AFB, 
Ohio,  June  1968. 

126  E.  DiRusso,  Instituto  Sperimentale  Dei  Metalli  Leggeri.  private  communi- 
cation. 

127.  J.  C.  McMillan  and  M.  V.  Hyatt  .Development  of  High-Strength  Aluminum 
Alloys  With  Improved  Stress-Corrosion  Resistance,  Technical  Report 
AFML-TR-67-180,  Air  Force  Materials  Laboratory,  Wright-Patterson  AFB, 
Ohio,  June  1967. 

128.  H.  Brooks,  “Stress  Corrosion  Cracking  of  Aluminum  Alloys-A  Review  of 
UK.  Service  Experience  and  Current  Research,”  Technical  Report 
AFML-TR-67-329,  Proceedings  of  the  Air  Force  Materials  laboratory 
Fiftieth  Anniversary  Technical  Conference  on  Corrosion  of  Military  and 
Aerospace  Equipment,  Denver,  Colo.,  Nov.  1967,  p.  133. 

129.  G.  Blankenburgs,  Aeronautical  Research  Laboratories,  Fishermans  Bend. 
Australia,  private  communication,  Nov.  18,  1969. 

130.  M.  V.  Hyatt  and  H.  W.  Schimmeibusch,  Development  of  a High-Strength 
Stress  Corrosion  Resistant  Aluminum  Alloy  for  Use  in  Thick  Sections, 
Technical  Report  AFML-TR-70-109,  Air  Force  Materials  Laboratory, 
Wright-Patterson  AFB,  Ohio,  May  1970. 

131.  D.  S.  Thompson  and  S.  A.  Levy,  High  Strength  Aluminum  Alloy  Develop- 
ment, First  Quarterly  Progress  Report,  Contract  F33-615-69-C-1643,  Sept. 
1969. 

132.  J.  T.  Staley,  Investigation  to  Develop  a High  Strength,  Stress-Corrosion 
Resistant  Aluminum  Aircraft  <4//o.v,  Bimonthly  Progress  Letter,  Dec.  15, 


240 


HIGH  STRENGTH  ALUMINUM  ALLOYS 


1968  to  Feb.  14.  1969,  Naval  Air  Systems  Command  Contract 
N00019-69-C-0292,  Mar.  4,  1969. 

133.  J.  T.  Staley,  Investigation  to  Develop  a High  Strength,  Stress-Corrosion 
Resistant  Aluminum  Aircraft  Alloy , Bimonthly  Progress  Letter,  Feb.  15  to 
Apr.  14,  1969,  Naval  Air  Systems  Command  Contract  N00019-69-C-0292, 
Apr.  30,  1969. 

134.  I.  T.  Staley,  Investigation  to  Develop  a High  Strength,  Stress-Corrosion 
Resistant  Aluminum  Aircraft  Alloy , Bimonthly  Progress  Letter,  Apr.  15  to 
June  14.  1969,  Naval  Air  Systems  Command  Contract  N90019-69-C-0292, 
June  27,  1969. 

135.  J.  T.  Staley,  Investigation  to  Develop  a High  Strength,  Stress-Corrosion 
Resistant  Aluminum  Aircraft  Alloy,  Final  Report,  Naval  Air  Systems 
Command  Contract  N00019-69-C -0292,  Jan.  20,  1970. 

136.  J.  T.  Staley,  Development  of  a High  Strength.  Stress-Corrosion  Resistant 

Naval  Aircraft  Aluminum  Alloy.  Bimonthly  Progress  Letter,  Dec.  15,  1969 
to  Feb.  14,  1970,  Naval  Air  Systems  Command  Contract 

N00019-70-C-01 18,  Mar.  3,  1970. 

137.  J.  T.  Staley,  Development  of  a High  Strength,  Stress-Corrosion  Resistant 
Naval  Aircraft  Aluminum  Alloy,  Bimonthly  Progress  Letter,  Feb.  15  to 
Apr.  15,  1970,  Contract  N00019-70-C-01 18,  Aluminum  Company  of 
America,  Apr.  27,  1970. 

138.  J.  T.  Staley,  Development  of  a High  Strength,  Stress-Corrosion  Resistant 
Naval  Aircraft  Aluminum  Alloy,  Bimonthly  Progress  Letter.  Apr.  16, 
1970  to  June  15,  1970,  Contract  N00019-70-C-01 18,  Aluminum  Com- 
pany of  America,  June  24,  1970. 

139.  J.  T.  Staley,  Investigation  to  Develop  a High  Strength  Stress-Corrosion 
Resistant  Naval  Aircraft  Aluminum  Alloy,  Final  Report,  Contract 
N00019-70-C-01 18,  Aluminum  Company  of  America,  Nov  20,  1970. 

140.  J.  T.  Staley,  Exploratory  Development  of  High-Strength  Stress-Corrosion 
Resistant  Aluminum  Alloys  Usable  in  Thick  Section  Applications,  First 
Quarterly  Report,  Contract  F33615-69-C-1644,  Aluminum  Company  of 
America,  Sept.  22,  1969. 

141.  J.  T.  Staley,  Exploratory  Development  of  High-Strength  Stress-Corrosion 
Resistant  Aluminum  Alloys  Usable  in  Thick  Section  Applications,  Second 
Quarterly  Report,  Contract  F33615-69-C-1644,  Aluminum  Company  of 
America,  Dec.  10,  1969. 

142.  J.  T.  Staley,  Exploratory  Development  of  High-Strength  Stress-Corrosion 
Resistant  Aluminum  Alloys  Usable  in  Thick  Section  Applications, 
Monthly  Report,  Dec.  1 to  Dec.  31,  1969,  Contract  F33615-69-C-1644, 
Aluminum  Company  of  America,  Jan.  12,  1970. 

143.  J.  T.  Staley,  Exploratory  Development  of  High-Strength  Stress-Corrosion 
Resistant  Aluminum  Alloys  Usable  in  Thick  Section  Applications,  Third 
Quarterly  Report,  Contract  F33615-69-C-1644,  Aluminum  Company  of 
America,  Mar.  3 1 , 1970. 


REFERENCES 


241 


144.  J.  T.  Staley,  Exploratory  Development  of  High-Strength  Stress-Corrosion 
Resistant  Aluminum  Alloys  Usable  in  Thick  Section  Applications,  Fourth 
Quarterly  Report,  Contract  F336I5-69-C-1644,  Aluminum  Company  of 
America.  June  12,  1970. 

145.  J.  T.  Staley  and  H.  Y.  Hunsicker,  Exploratory  Development  of  High- 
Strength  Stress-Corrosion  R’sistant  Aluminum  Alloys  for  Use  in  Thick 
Section  Applications , Technical  Report  AFML-TR-70-2S6,  Aluminum 
Company  of  America,  Nov.  1970. 

146  J.  T.  Staley,  Development  of  a High  Strength  Stress-Corrosion  Resistant 
Aluminum  Aircraft  Alloy,  Bimonthly  Progress  Letter,  Sept.  16,  1970  to 
Nov.  15,  1970,  Contract  N0001 9-7 1-C -0131,  Aluminum  Company  of 
America,  Dec.  10,  1970. 

147.  J.  T.  Staley,  Development  of  a High  Strength  Stress-Corrosion  Resistant 
Aluminum  Aircraft  Alloy,  Bimonthly  Progress  Letter,  Nov.  16,  1970  to 
Jan.  15,  1971,  Contract  N00019-71-C-0131,  Aluminum  Company  of 
America,  Jan.  22,  1971. 

148.  D.  S.  Thompson  and  S.  A.  Levy,  High  Strength  Aluminum  Alloy  Develop- 
ment, Second  Quarterly  Progress  Report,  Contract  F3361 5-69-C-1643, 
Reynolds  Metals  Co.,  Richmond,  Va.,  Dec.  1969. 

149.  D.  S.  Thompson  and  S.  A.  Levy,  High  Strength  Aluminum  Alloy  Develop- 
ment, Third  Quarterly  Progress  Report,  Contract  F33615-69-C-1643, 
Reynolds  Metals  Co.,  Richmond,  Va.,  Mar.  1970. 

150.  D.  S.  Thompson  and  S.  A.  Levy,  High  Strength  Aluminum  Alloy 
Development,  Technical  Report  AFML-TR-70-171,  Air  Force  Materials 
Laboratory,  Aug.  1970. 

151.  J . T.  Staley,  Aluminum  Company  of  America,  private  communication. 

152.  V,  A.  Pavlov,  1.  Y.  U.  Filippov,  and  S.  A.  Frisen,  “Strengthening  of  the  AV 
and  V95  Type  A1  Alloys  by  Thermo-Mechanical  Treatment,”  Fiz.  Metal.  I 
Metalloved.  20,  770-774  (Nov.  1965). 

153.  M.  Conserva,  £.  DiRusso,  and  F.  Gatto,  “A  New  Thennomechanical 
Treatment  for  Al-Zn-Mg  Type  Alloys,"  Memos  and  Reports,  JSML,  Series 
27,  No.  415,  1968. 

154.  A.  J.  Jacobs,  Optimizing  the  Combination  of  Strength  and  Stress- 
Corrosion  Resistance  of  7075  Aluminum  by  Thermal-Mechanical  Treat- 
ments, Final  Report,  Contract  N00019-69-C-0339,  North  American- 
Rockwell  Corp.,  Canoga  Park,  Calif.,  Mar.  1970. 

155.  C.  A.  Morris  and  A.  G.  Cerrone,  Establish  Manufacturing  Methods  for 
Gosed  Die  Aluminum  Forgings  With  Improved  Stress-Corrosion  Resist- 
ance, Technical  Report  AFML-TR-69-264,  Air  Force  Materials  Labora- 
tory, Wright-Patterson  AFB,  Ohio,  Sept.  1969. 

156.  Reynolds  X7 Oil  Alclad  7075,  7079  and  7178  Sheet  and  Plate,  Reynolds 
Metal  Company,  Jan.  1968  (not  released  for  publication). 

157.  Aluminum  Alloy  7075,  Alclad  7011,  Plate  and  Sheet,  Federal  Specifica- 
tion QQ-A -00250/26  (ASG),  10  Nov.  1969. 


242  HIGH  STRENGTH  ALUMINUM  ALLOYS 

3 58.  Aluminum  Alloy  7079,  Alclad  7011,  Plate  and  Sheet.  Federal  Specifica- 
tion QO-A-00250/27  (ASG),  10  Nov.  1969. 

159  Aluminum  Alloy  717 H,  Alclad  7011,  Plate  and  Sheet,  Federal  Specifica- 
tion QQ-A-00250/28  (ASG),  10  Nov.  1969. 

160.  J.  A.  Dickson,  “Alcoa  467  Process  X7475  Alloy,”  Alcoa  Green  Letter. 
May  1970  (not  released  for  publication). 

161.  L.  W.  Mayer,  “What  Four  New  Aluminum  Alloys  Have  to  Offer  ."Metal 
Prog.  95,  68  (May  1969). 

162.  R.  V.  Turley,  E.  Dash,  and  C.  H.  Avery,.1 Stress  Corrosion  Susceptibility  of 
Welded  Aluminum  Alloys , Technical  Report  AFML-TR-67-291,  Air  Force 
Materials  Laboratory,  Wright-Patterson  AFB,  Ohio,  Aug.  1967. 

163.  R.  J.  Charles  and  W.  B.  HiMig.  “The  Kinetics  of  Glass  Failure  by  Stress 
Corrosion,”  Proceedings  of  Symposium  on  Mechanical  Strength  of  Glass 
and  Ways  of  Improving  J t,  Forence,  Italy,  Sept.  1961. 

164.  W.  B.  Hillig  and  R.  J.  Charles,  “Surfaces,  Stress-Dependent  Surface 
Reactions,  and  Strength,”  High-Strength  Materials,  (V.  V.  Zackay,  ed.) 
New  York,  John  Wiley  & Sons,  Inc.,  1965,  p.  682. 

165.  S.  M.  Wiederhom  and  L.  H.  Bolz,  “Stress  Corrosion  and  the  Static  Fatigue 
of  Glass,”  / Amer.  Ceram.  Soc.  53,  543  (1970). 

166.  H.  W.  Liu,  “Stress  Induced  Diffusion  and  Stress  Corrosion  Cracking,” 
Trans.  ASME,  J.  Basic  Eng.  92  (Ser.  D),  633  (1970). 

167.  T.  R.  Beck  and  E.  A.  Grens,  11,  “An  Electrochemical  Mass  Transport- 
Kinetic  Model  for  Stress  Corrosion  Cracking  of  Titanium,"  / Electrochem. 
Soc.  116  (No.  2),  177  (Feb.  1969). 

168.  T.  R.  Beck,  M.  J.  Blackburn,  and  M.  0.  Speidel,  Stress  Corrosion  Cracking 
of  Titanium  Alloys:  SCC  of  Aluminum  Alloys,  Polarization  of  Titanium 
Alloys  in  HCl  and  Correlation  of  Titanium  and  Aluminum  SCC  Behavior, 
Quarterly  Progress  Report  1 1,  Contract  NAS  7489,  The  Boeing  Company, 
Seattle,  Wash.,  Mar.  1969. 

169.  T.  R.  Beck,  M.  1.  Blackburn,  and  M.  0.  Speidel.  Effect  of  Solution 
Viscosity  on  SCC  Velocity  (to  be  published ). 

170.  S.  Glasstone,  K.  Laidler,  and  H.  Eyring.  Theory  of  Rate  Processes, 
McGraw-Hill  Book  Company,  New  York,  1941. 

171.  R.  W.  Staehle,  A.  J.  Forty,  and  D.  van  Rooyen  eds.,  Proceedings  of 
Conference  on  Fundamental  Aspects  of  Stress  Corrosion  Cracking,  NACE, 
Houston,  Texas,  1969. 

172.  E.  A.  Starke,  “The  Causes  and  Effects  of  Denuded  or  Precipitate-Free 
Zones  at  Grain  Boundaries  in  Aluminum-Base  Alloys,”  J.  Metals  22,  54 
(1970). 

173.  I.  J.  Polmear,  “The  Properties  of  Commercial  Al-Zn-Mg  Alloys,”  / 
Australian  Inst.  Metals  89,  193  (1960). 

174.  A.  J.  Sedriks,  P.  W.  Slattery,  and  E.  N.  Pugh,  “Precipitate-Free  Zones  and 
Stress  Corrosion  Cracking  in  a Ternary  Al-Zn-Mg  Alloy,"  Trans.  ASM  62. 
238(1969). 


REFERENCE* 


243 


175.  A.  J.  DeArdo,  Ph.D.  Thesis, Carnegie-Mellon  University,  1969. 

1 76.  G.  Thomas  and  J.  Nutting,  “Aging  Characteristics  of  Aluminum  Alloys,"  J. 
Inst.  Metals,  88  (Part  2),  81-90  (Oct.  1959). 

177.  E.  Hornbogen.Z  Metallk.  58,31  (1967). 

178.  M.  O.  Speidel,  “Coherent  Particles  and  Stress  Corrosion  Cracking  of  High 
Strength  Aluminum  Aloys,"  Technical  Report  AFML-TR-67-329,  Pro- 
ceedings of  the  Air  Force  Material Laboratory  Fiftieth  Anniversary 
Technical  Conference  on  Corrosion  of  Military  and  Aerospace  equipment , 
Denver,  Colo.,  Nov.  1967,  p.  1915. 

179.  H.  A.  Holl,  “Deformation  Substructure  and  Susceptibility  to  Intergranular 
SCC  in  an  Auminum  Aloy,”  Corrosion  23,  173  (1967). 

180.  M.  0.  Speidel,  “Interaction  of  Dislocations  With  Coherent  Particles  and 
Stress  Conosion  Cracking  of  High-Strength  Aluminum  Alloys,"  Ph  vs.  Stat. 
Sol.  22.  71  (1967). 

181.  A J.  DeArdo  and  R.  D.  Townsend,  “The  Effect  of  Microstructure  on  the 
Stress  Corrosion  Susceptibility  of  an  Al-Zn-Mg  Aloy”  (to  be  published). 

182.  W.  J.  Kovacs  and  J.  R.  Low,  “Intergranular  Fracture  in  an  A-15  wt%Zn 
Alloy"  (to  be  published). 

183.  E.  H.  Dix,  Jr.,  “Aluminum  Zinc  Magnesium  Alloys,  Their  Development 
and  Commercial  Application,”  Trans.  ASM,  42,  1057  (1950). 

184.  Report  on  MRGA8  (X5090),  New  Haven,  Conn.,  Olin  Metals  Research 
Laboratories,  Dec.  17,  1969  (not  released  for  publication). 

185.  Aviation  Week  and  Space  Technology,  Jan.  27,  1967,  p.  13. 

186.  E.  P.  Dahlberg,  Analysis  of  Cracking  in  Swaged  7075-T6  Aluminum  Alloy 
Tubing,  NRL  Memorandum  Report  1894,  Naval  Research  Laboratory, 
Washington,  D.C.,  June  1968. 

187.  N.  B.  Sc.'"'  trt/.  and  N.  B.  Wakefield,  “Stress  Corrosion  Can  Be  Con- 
liuiied,”  The  Iron  Age,  Nov.  28,  1968,  p.  71. 

188.  H.  C.  Rutemiller  and  D.  O.  Sprowls,  “Susceptibility  of  Aluminum  Alloys 
to  Stress  Corrosion,”  Mater.  Protect.  2 (No. 6),  62  (June  1963). 

189.  H.  W.  Zoeller  and  B.  Cohen,  “Shot  Peening  for  Resistance  to  Stress 
Corrosioii  Cracking,”  Metals  Eng.  Quart.,  66-20  (No.  1),  16  (Feb.  1966). 

190.  B.  W.  Lifka  and  D.  0.  Sprowls,  “Protective  Treatments  fot  the  Prevention 
of  Stress-Corrosion  Cracking  of  High  Strength  Auminum  Aloys,”  paper 
presented  at  the  Northeast  Regional  Conference  of  the  National  Associa- 
tion of  Corrosion  Engineers,  New  York,  Oct.  1968. 

191 . F.  C.  Ruach,  F.  W.  Luciw,  and  M.  A.  Murray,  Passivation  of  Meta!  Aircraft 
Surfaces,  Naval  Ar  Systems  Command  Contract  N000I9-67-C-0499,  Final 
Report,  July  1968. 

192.  H.  Borchers  and  E.  Tenckhoff,  “The  Influence  of  Surface  Condition  on 
the  Stress  Corrosion  of  A-Mg-Zn  Casting  Aloys,”  Z.  Metallk.  59,  58 
(1968) 

193.  B.  W.  Lifka  and  D.  O.  Sprowls,  “Shot  Peening- A Stress  Corrosion 
Cracking  Preventative  for  High  Strength  Aluminum  Alloys,”  paper 


244  high  strength  aluminum  alloys 

presented  at  the  26th  Ann^t  Conferenee  of  to 

Corrosion  Engineers,  Philadeiphta,  Pa., 

Corrosion).  Valuation  of  Sermatel  385  Coding  for 

194.  S.  R.  Brown  and  S.  i-  Xetcttam,  £ mrroswn  Cracking,  Report 

Protect  of  Alloys  Against  Stress  Corrosi on  wc  K 

v K Anr  MA-6930  Naval  Air  Development  Center,  Oct.  24, 1969. 
Aircraft  Corrosion  Problems,  SAMrc.  J.  \ v 


Chapter  5 

TITANIUM  ALLOYS 

M.  J.  Blackburn,  W.  H.  Smyrl,  and  J.  A.  Feeney 

The  Boeing  Company 


CONTENTS 

5.1  Introduction  246 

5.2  Physical  Metallurgy  of  Titanium  Alloys 247 

5.3  Corrosion  of  Titanium  and  Its  Alloys  272 

5.4  Stress  Corrosion  Cracking  Behavior 275 

5.5  Stress  Corrosion  Fracture 336 

5.6  Additional  Factors  and  Prevention  of  SCC 347 

5.7  References 353 


245 


r/'. 


S.  TITANIUM  ALLOYS 


S.l  Introduction 

Titanium  and  its  alloys  are  relatively  young  structural  materials  which  have 
been  in  use  for  the  pas',  two  decades,  a considerably  shorter  time  than  many  of 
the  high  strength  steels  and  aluminum  alloys.  Thus  the  amount  of  data  presented 
in  this  chapter,  although  superficially  large,  is  certainly  not  as  detailed  and 
reproducible  as  that  for,  say,  aluminum  alloys  presented  in  Chapter  4.  Another 
way  in  which  the  data  for  aluminum  alloys  differ  is  that  the  scatter  of  results  for 
titanium  alloys  is  quite  large  due  to  the  many  variables  that  may  operate  within 
one  alloy.  For  example,  the  SCC  results  for  the  aluminum  alloy  7075-T6  tend  to 
be  reproducible  from  lot  to  lot  while  for  Ti-6A1-4V  the  results  obtained  depend 
on  factors  such  as  microstructure,  oxygen  content,  texture,  etc.  which  are  not 
specified  or  controlled  in  many  cases. 

The  bulk  of  titanium  alloy  production  is  used  by  the  aerospace  industries 
with  the  predominant  applications  in  gas  turbine  engines.  There  has  been  an 
increasing  amount  of  titanium  used  in  the  primary  structure  of  airplanes  and 
rockets.  Titanium  alloys  have  an  excellent  record  in  service  and  in  fact  it  is 
difficult,  with  a few  rather  dramatic  exceptions,  to  base  any  of  the  sections  in 
this  chapter  on  service  experience.  In  general  we  shall  have  to  project  laboratory 
test  results  to  potential  service  situations.  This  is  not  a particularly  desirable 
method-  as  it  has  been  shown  in  the  case  of  hot  salt  stress  corrosion  cracking, 
such  an  extrapolation  can  be  misleading. 

The  chronological  development  of  SCC  problems  in  titanium  alloys,  based  on 
limited  service  and  extensive  laboratory  experience,  is  briefly  as  follows.  In  1953 
it  was  discovered  that  SCC  occurred  in  titanium  and  its  alloys  [ 1 ) in  red  fuming 
nitric  acid,  which  was  circumvented  by  modifying  the  composition  of  the  acid. 
Research  in  the  mid-1950’s  demonstrated  that  SCC  couid  occur  at  elevated 
temperatures  in  the  presence  of  chloride  salts;  even  though  many  laboratory 
failures  were  produced,  service  failures  have  not  been  reported.  However,  prob- 
lems were  encountered  in  turbines  attributed  to  the  presence  of  other  metals  in 
the  structure,  notably  cadmium  [l,2j  and  silver.  In  the  early  1960’s  titanium 
alloys  began  to  find  increasing  applications  in  air  frames  and  space  vehicles  and 
some  material-environmental  incompatibilities  became  evident.  ITie  most  dra- 
matic were  failures  of  Apollo  tanks  containing  nitrogen  tetroxide  or  methanol 


INTRODUCTION 


247 


[ 3 ,4 1 which  were  fortunately  discovered  during  proof  testing.  It  should  be 
noted  that  the  nitrogen  tetroxide  problem  was  eliminated  very  quickly  by 
modification  of  the  composition  of  the  environment.  In  19(>4  it  was  shown  that 
some  titanium  alloys,  although  showing  excellent  corrosion  resistance  in  sea- 
water, could  exhibit  severe  and  very  rapid  cracking  if  a sharp  flaw  was  present  in 
the  material  [5 ] . 

In  this  chapter  we  attempt  to  summarize  the  state  of  knowledge  of  SCC  of 
titanium  alloys  with  emphasis  on  the  engineering  aspects  of  the  problem.  How- 
ever, the  reader  may  consider  that  in  fact  the  emphasis  is  placed  on  the  metal- 
lurgical part  of  the  problem  which  essentially  indicates  that  to  use  a material 
well  one  must  be  full}  ; miliar  with  it.  Sections  5.2  and  5.3  therefore  give  a 
general  introduction  to  the  physical  metallurgy  and  chemical  behavior  of  ti- 
tanium alloys.  Section  5.4  describes  the  external  parameters  which  influence 
SCC  with  emphasis  on  the  use  of  fracture  mechanics  methods  to  delineate  the 
influence  of  stress  on  such  factors.  Thus  where  possible  a threshold  stress  in- 
tensity [K]SCC)  is  used  to  define  the  lower  limit  of  cracking  although  we  shall 
also  comment  on  the  velocity  of  cracking.  Section  5.5  describes  some  of  the 
morphological  features  of  crack  surfaces  produced  during  the  propagation  of 
stress  corrosion  cracks.  Finally  in  Section  S.6  a summaiy  of  additional  practical 
aspects  of  SCC  is  given  and  possible  methods  of  minimizing  or  eliminating  SCC 
hazards  are  outlined. 

No  comprehensive  review  of  the  SCC  behavior  of  titanium  has  been  published 
since  1966  [6] , although  several  conferences  17-12)  have  been  devoted  at  least 
in  part  to  the  phenomenon. 


5.2  Physical  Metallurgy  of  Titanium  Alloys 

The  aim  of  this  section  is  to  outline  briefly  the  physical  metallurgy  of  ti- 
tanium and  its  alloys  with  emphasis  on  the  phase  transformations  and  their 
influence  on  mechanical  properties  encountered  in  commercial  alloys.  Such  a 
description  is  important  as  only  by  understanding  these  factors  can  the  patterns 
of  stress  corrosion  behavior  of  alloys,  especially  in  aqueous  solutions,  be  dis- 
cerned. For  a more  detailed  account  of  the  physical  metallurgy  of  these  ma- 
terials, the  reader  is  referred  to  two  more  extensive  reviews  [13,14] . 


AUotrophy  of  Titanium 

Titanium  exists  in  two  allotropic  forms  at  ambient  pressures.  At  low  tempera- 
tures the  metal  has  a hexagonal  crystal  structure,  the  a phase,  while  at  tempera- 
tures above  880°C  (1650°F)  the  metal  has  a body  centered  cubic  (bcc)  struc- 
ture, the/?  phase. 
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I Tg.  1.  Typical  phase  diagrams  of  titanium  alloy  systems. 


Phase  Transformations 

Alloy  Chemistry.  The  classification  of  binary  (and  more  complex)  titanium 
alloy  systems  is  based  on  the  allotropic  modification  of  the  metal  stabilized  by 
the  added  solute  element.  The  mot  important  types  of  (substitutional)  phase 
diagrams  are  shown  in  Fig.  i . Elements  such  as  aluminum  stabilize  the  a phase  as 
shown  in  Fig.  la  and  therefore  are  known  as  a-stabilizing  elements;  usually  in 
such  systems  an  ordered  phase  based  on  the  composition  TijX  (e.g.  TijAl. 
TijSn,  etc.)  occurs.  Elements  such  as  zirconium  have  little  influence  on  the 
allotropic  transformation  (Fig.  lb),  and  are  known  as  neutral  additions.  Most 
transition  elements  when  added  to  titanium  stabilize  the  0 pha£  (and  are  thus  (J 
stabilizers),  although  two  types  of  diagrams  are  developed.  Elements  such  as 
molybdenum  produce  fully  stable  0 phases  if  present  in  sufficient  amounts;  such 
a ^-stabilized  or  0-isomorphous  system  is  shown  in  Fig.  lc.  Other  transition 
elements  such  as  manganese,  although  tending  to  stabilize  the  0 phase,  exhibit  a 
eutectoid  transformation  at  lower  temperatures;  such  a /3-eutectoid  system  is 
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shown  in  hip.  Id.  The  rate  of  the  eutcctoid  reaction  varies  considerably  from 
system  to  system;  it  occurs  rapidly  and  cannot  be  suppressed  by  rapid  cooling  tn 
the  titanium-gold  system,  but  is  extremely  sluggish  in  other  systems  such  as 
titanium-manganese. 

Although  the  above  brief  description  of  alloying  characteristics  describes  in 
general  terms  the  phases  that  may  be  present  in  titanium  alloys,  it  neglects  such 
factors  as  the  kinetics  and  mode  of  phase  formation  (phase  transformations),  the 
distribution  of  phases  (microstructure),  and  the  possible  presence  of  mctastable 
phases.  Such  factors  arc  described  in  the  following  sections,  where  the  most 
important  phase  transformations  for  commercial  titanium  alloys  are  discussed. 

Phase  Transformations.  The  solid  state  phase  transformations  which  occur  in 
titanium  alloys  may  be  divided  into  two  general  types.  One  type  occurs  by  the 
cooperative  movement  of  atonu,  without  diffusion,  and  the  reactions  are  km>wn 
as  martensitic  or  shear  transformations.  The  second  type  occurs  by  diffusions! 
processes,  and  the  reactions  are  known  as  nucleation-and-growth  transformations. 

Martensitic  Transformations.  Such  reactions  occur  in  pure  titanium  and  sonic 
alloys  if  they  are  cooled  very  rapidly  (quenched)  from  temperatures  in  the  0 
phase  field.  In  pure  titanium  the  product  phase  or  martensite  o'  has  a hexagonal 
structure  and  a rather  irregular  morphology  (often  termed  a “massive- 
martensite”)  as  shown  in  Fig.  2a.  The  a-stabilized  and  neutral  systems  exhibit 
the  same  hexagonal  martensitic  crystal  structure,  but  the  morphology  of  the  a 
(martensite)  phase  may  be  more  acicular.  Martensitic  transformations  in  (3 
stabilized  or  /5-eutcctoid  systems  tend  to  be  somewhat  more  complicated,  and  we 
shall  use  the  titanium-molybdenum  system  to  illustrate  the  types  of  transforma- 
tions that  may  occur.  The  temperature  and  compositional  regions  of  phases 
produced  in  titanium  molybdenum  alloys  on  quenching  from  the  |3-phase  field 
are  shown  in  Fig.  3 with  the  exception  of  to- phase  formation.  Alloys  containing 
solute  element  contents  up  to  Cj  transform  to  hexagonal  (o')  martensite  on 
quenching.  Alloys  with  solute  contents  between  Cj  and  Cj  transfomi  to  a 
martensite  with  an  orthorhombic  crystal  structure  (a").  Both  phases  have  acicu- 
lar microstructurcs  such  as  illustrated  for  orthorhombic  martensite  in  Fig.  2b. 

In  alloys  with  composition--  up  to  C3.  the  0 phase  is  completely  retained  on 
quenching;  however,  diffusionless  reactions  may  be  induced  by  plastic  deforma- 
tion. In  T1-M0  alloys,  the  sheai  products  have  beer  shown  to  consist  of  a mix- 
ture of  orthorhombic  martensite  and  complex  twinning.  This  latter  deformation 
mode  tends  to  predominate  as  the  alloy  composition  appioaches  C3.  Between 
('3  and  C4,  the  mctastable  0 phase  which  is  retained  in  quenching  deforms  by 
slip  alone.  This  schematic  docs  not  show  the  transition  between  these  trans- 
formation products,  e.g.,  mixture  of  athermai  and  deformation-induced  ortho- 
rhombic martensite.  However,  since  the  slope  of  Ms  vs  composition  is  very  steep 
in  alloys  such  as  Ti-Mo,  these  transition  regions  may  be  extremely  narrow. 

Orthorhombic  martensites  and  such  twinning  processes  do  not  occur  in  all 
titanium  alloys  which  contain  (3-stabilizing  elements;  however,  such  transforma- 
tions may  be  more  widespread  than  has  been  recognized  to  date. 
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la)  Commercial-purity  titanium  quenched  from  above  the  0-transus  hexag- 
onal martensite  (a  t with  a “massr.e"  morphology  (X  200) 


(b)  I i-8Mo*bZr-4Sn  que*  ched  from  above  the  d-transus  orthorhombic 
martensite  ta"),  with  an  acicular  morphology  and  retained  (i  phase  'X  200) 


I ig  2.  Martensitic  phases  in  titanium  alloys. 
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OM  STRESS  INDUCED  ORTHORHOMBIC 
MARTENSITE 


iig  3 Summary  of  diffusionlcss  transformations  and  deformation  modes  occurring  in 

Ti-Mo  base  alloys. 


Diffusiona!  Transfonr>ations.  The  most  common  reaction  of  this  type  in  ti- 
tanium alloys  is  the  formation  of  the  a phase  or  a+0  dispersion.  This  latter  form 
of  phase  mixture  may  occur  by  several  reaction  paths.  The  a phase  may  be 
precnitated  from  the  (3  phase  by  cooling  to  temperatures  at  which  the  a phase  is 
stable.  In  a-stabilized  or  neutral  systems  the  transformation  goes  to  completion 
and  a Widmanstatten  a structure  is  produced.  Systems  which  contain  ^-stabiliz- 
ing (or  p-eutectoid)  elements  produce  Widmanstatten  <*+0  structures  on  slow 
cooling.  Figure  4a  illustrates  such  a structure  in  an  alloy  in  which  the  a phase  is 
the  dominant  constituent;  such  acicular  microstructures  are  sometimes  known 
as  “basket-weave”  structures.  In  alloys  which  contain  more  stabilizing  element 
the  0 phase  predominates  and  is  obviously  the  matrix  phase  as  shown  in  Fig.  4b. 

More  controlled  and  higher  strength  a+0  dispersions  can  be  produced  by 
quenching  and  tempering.  Thus  depending  on  the  composition  of  the  alloy 
either  a martensitic  structure  or  a retained  0 phase  may  be  utilized  as  a basis  for 
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(al  Ti-6AJ-4V  slowly  cooled  from  above  the  (J  transus  (X500)  (courtesy  of 
W.  L.  Spun) 


(b)  Ti-1  l.5Mo-6Zr-4.5Sn  cooled  lo  1 ]SO°L  and  held  for  16  hr  (X  500) 
I ig  . 4 Widmanstatten  a+0  structures  in  titanium  alloys. 
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subsequent  development  of  an  a+0  mixture  by  tempering.  In  some  alloys,  prob- 
lems are  encountered  in  thick  section  as  decomposition  to  a+0  structures  occurs 
in  the  center  of  the  section  during  quenching.  The  ability  of  a titanium  alloy  to 
produce  a satisfactory  structure  on  quenching  is  referred  to  as  its  hardenability. 
We  shall  note  in  later  sections  the  hardenability  characteristics  of  several  alloys. 

Tempering  of  Martensites.  It  is  obvious  that  pure  titanium  martensites  or 
similar  phases  formed  in  a-stabilized  or  neutral  systems  will  not  precipitate  a 
second  phase  on  tempering.  Hexagonal  martensites,  a',  which  are  formed  in 
alloys  containing  0-phase  stabilizer  elements,  precipitate  the  0 phase  when 
tempered  at  intermediate  temperatures.  The  volume  fraction  and  size  of  the 
precipitated  0 phase  depends  on  the  temperature  and  time  of  the  tempering 
treatment.  (The  volume  fraction  of  this  phase  is  controlled  by  the  tempering 
temperature;  the  size  of  the  precipitate  by  both  tempering  temperature  and 
time.)  Orthorhombic  martensites  [15j  temper  by  precipitation  of  the  a phase, 
and  the  orthorhombic  matrix  transforms  to  the  0 phase  at  some  stage  of  the 
tempering  process.  The  exact  details  of  this  reaction  have  not  been  widely 
studied. 

Tempering  of  Metastable  0 Phases.  Such  phases  decompose  by  complex  reac- 
tions which  may  involve  metastable  phases.  For  0-isomorphous  systems,  e.g.. 
Ti-Mo,  these  reactions  may  be  written  as 

Pm  -*  0+w  •*  0+w+a  -*  0+a 

Pm  "*01+02  "^01+02+a  -*  0+01. 

In  0-eutectoid  systems,  the  equilibrium  phase  structure  consists  of  a + com- 
pound, and  the  precipitation  sequence  may  be  written  as  follows: 

0m  -» 0+w  -*  0+w+a  0+a  0+a+TiX  -*  a+TiX  (3) 

0m  01  +02  01+02  "!■<*  -*  0+a  ■*  0+a+TiX  -*  a+TiX.  (4) 

The  exact  sequence  in  any  alloy  depends  upon  its  composition  and  the  spe- 
cific aging  treatment.  The  approximate  temperature  and  compositional  ranges 
for  the  formation  of  the  metastable  w,  0j  and  02  phases  are  shown  for  a 
^-stabilized  system  in  Fig.  5 [ 15] . 

The  formation  of  the  w phase  in  titanium  alloys  has  recently  been  reviewed 
[16],  and  will  only  be  described  briefly  here.  The  w phase  (athermal  w phase) 
may  form  on  quenching  in  dilute  alloys  as  shown  in  Fig.  5.  This  athermal  w 
phase  grows  on  aging  and  the  phase  forms  in  more  concentrated  alloys  if  aged  at 
intermediate  temperatures.  The  w phase  forms  as  small  coherent  particles  (not 
resolvable  by  optical  techniques)  shown  in  Fig.  6a,  and  in  dilute  alloys  consti- 
tutes a large  volume  fraction  of  the  microstructure. 


(1) 

(2) 
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l ig.  5.  Summary  of  transformations  that  may  occur  in  0-isomorphous  sys- 
tems. Note  differences  in  (i-phase  composition  produced  by  aging  at  tempera- 
tures T|  and  T2  in  the  a+0  phase  field  |15|.  •Composition  regions  for 
atherntal  u formation. 


Separation  of  a metastablc  0 phase  into  two  bcc  phases  0j +02  occurs  in  more 
concentrated  alloys  as  shown  in  Fig.  5.  Again  the  particle  size  of  the  precipitated 
phase  is  small,  and  electron  microscopy  techniques  are  required  for  its  resolu- 
tion, as  shown  in  Fig.  5b. 

The  a phase  can  be  produced  from  both  the  P+u>  and  (3]  +02  phase  structures 
after  further  aging,  and  such  starting  structures  result  in  very  fine  a-plate  sizes.  If 
an  alloy  is  aged  at  temperatures  above  the  stability  field  of  0+w  or  0 i+02 
structures,  the  a phase  is  precipitated  directly.  The  exact  details  of  the  disper- 
sion depend  on  the  tempering  time  and  temperature,  lower  aging  temperatures 
resulting  in  higher  volurr'1  fractions  of  the  a phase.  One  final  point  may  be  made 
concerning  the  thermal  stability  of  0+a  structures,  which  can  be  seen  from  Fig. 
5.  Dispersions  of  0+a  produced  at  high  aging  temperatures  may  not  be  stable 
when  exposed  to  lower  temperatures,  such  as  those  encountered  during  service. 
Thus  if  a material  aged  at  temperature  Tj  were  subsequently  exposed  to  lower 
temperatures,  the  u phase  could  form  in  the  0 phase.  Likewise  the  0 phase 
formed  at  the  aging  temperature  T2  could  decompose  into  the0j+02  structure. 
Such  reactions  can  lead  to  changes  both  in  mechanical  properties  and  in  the 
dimensions  of  parts,  a process  known  as  thermal  instability.  (This  term  is  also 
applied  to  the  formation  of  02  in  a alloys  at  intermediate  temperatures.) 

In  0-eutectoid  systems  thr  equilibrium  structure  consists  of  a dispersion  of  an 
intermetallic  compound  in  the  a phase.  Although  such  structures  are  not  com- 
mon in  commercial  alloys  at  this  time,  such  phase  mixtures  are  utilized  in  the 
Ti-2.SCu  alloy  wnere  the  phase  is  formed  from  a supersaturated  a phase.  The 
intermetallic  phase  TiCr2  is  also  formed  in  the  Ti- 1 1 Cr- 1 3V-3 A1  alloy  after 
prolonged  aging. 


» 
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As  noted  in  the  section  on  alloy  chemistry,  an  ordered  phase  can  form  in 
most  a-stabilized  systems  if  a sufficient  amount  of  solute  element  is  present.  A 
two-phase  region  lies  between  the  disordered  solid  solution  a and  the  ordered 
phase  c»2-  The  titanium-aluminum  system  is  the  most  important  with  regard  to 
commercial  alloys,  in  this  system  the  ordered  phase  is  based  on  the  composition 
T13  Aland  has  an  ordered  hexagonal  structure  (DO19)  closely  related  to  thea-phase 
titanium  structure.  The  ordered  phase  TijSn  has  the  same  structure  and  is  com- 
pletely miscible  with  TijAl.  As  the  a -*  a+<*2  phase  line  has  a convex  shape  in 
the  titanium-aluminum  system,  it  is  possible  to  retain  a disordered  a phase  by 
quenching  from  temperatures  above  this  phase  boundary.  (This  is  not  true  in 
very  concentrated  alloys,  >I2%A1,*  but  such  alloys  are  too  brittle  to  be  of 
commercial  importance.)  Subsequent  aging  within  the  a+02  phase  field  causes 
precipitation  of  the  ordered  phase,  which  of  course  may  also  be  accomplished  by 
cooling  through  this  phase  field.  In  alloys  of  6 to  8%  AJ  the  a2-phase 
particles  are  too  small  to  be  resolved  by  optical  microscopy;  typically  the  phase 
exists  as  ellipsoids  up  to  about  IOOOA  in  diameter  (Fig.  6c).  The  phase  forms 
quite  rapidly  at  temperatures  between  500°C  (930°F)  and  650°C  (1 200°F)  but 
forms  only  very  slowly  at  temperatures  <450°C  (840°F). 

The  range  of  stability  of  the  phase  in  titanium-aluminum  alloys  is  extended 
by  additions  of  oxygen  and  tin,  which  are  common  elements  in  commercial 
alloys. 

Microstructure  and  Mechanical  Properties 

In  the  above  s'-ctions  the  phase  transformations  of  titanium  alloys  have  been 
described,  using  relatively  simple  systems  as  the  illustrative  examples.  This 
section  will  also  concentrate  on  similar  simple  systems  before  discussing  the 
more  complex  commercial  alloys. 

Alpha-Phase  Systems.  Pure  titanium  is  soft  and  ductile.  The  flow  strength  of 
high-purity  titanium  is  about  15  ksi,  with  elongation  of  about  50%.  However, 
titanium  has  a hexagonal  crystal  structure,  and  anisotropy  of  properties  is 
observed;  for  example,  Young’s  modulus  varies  between  12  X 106  psi  in  the 
basal  plane  to  20  X 106  ksi  normal  to  this  plane.  All  elements  present  in  solid 
solutions  of  a-titanium  increase  the  flow  strength  and  reduce  ductility,  the  most 
important  ones  being  oxvgen,  aluminum,  and  tin. 

Oxygen  produces  large  increases  in  the  yield  strength  of  titanium,  strength 
levels  in  excess  of  100  ksi  being  produced  by  the  addition  of  0.5%  oxygen, 
riv  wever,  the  ductility  and  fracture  toughness  fall  with  increasing  oxygen  con- 
tent, which  places  a practical  limit  on  oxygen  additions  of  about  0.4%.  It  should 
be  noted  that  some  oxygen  is  present  in  all  commercial  titanium  alloys  and  is 
always  a factor  in  determining  the  mechanical  properties. 


*Ali  alloy  compositions  in  the  text  are  expressed  as  weight  percent. 
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Fig.  7.  Variation  of  yield  strew  of  Ti-Al  alloys  containing  up  to  17  at%  aluminum.  Note 
that  the  precipitation  of  the  t»2  phase  produces  increases  in  strength  and  that  the  strength 
level  is  dependent  on  oxygen  content  117).  From  Thin*.  ASM  62  (No.  2),  p.  399,  Fig.  1; 
copyright  1969  by  the  American  Society  for  Metals.  Used  by  permission. 


Aluminum  additions  to  titanium  increase  both  modulus  and  strength  and 
decrease  density.  Such  an  attractive  combination  of  properties  causes  aluminum 
to  be  a common  constituent  of  commercial  alloys.  The  increase  in  yield  strength 
produced  by  aluminum  is  shown  in  Fig.  7,  from  which  the  following  points  may 
be  made.  Rapid  solid  solution  strengthening  occurs  up  to  5%,  and  further  in- 
creases in  strength  may  be  accomplished  in  alloys  containing  >6%  A1  by  precipi- 
tation of  the  t*2  phase.  The  influence  of  oxygen  appears  to  be  additive  to  that  of 
aluminum  as  may  also  be  seen  from  Fig.  7.  However,  there  is  a practical  limit  to 
aluminum  additions,  as  alloys  containing  approximately  11%  aluminum  exhibit 
virtually  no  ductility  and  very  low  toughness  even  in  the  absence  of  <*2 -precipi- 
tates. The  limit  is  lowered  to  about  8%  aluminum  if  the  a^-phase  is  precipitated 
during  the  heat  treatment  procedure.  High  aluminum  contents  have  an  even 
greater  adverse  influence  on  the  stress  corrosion  properties  of  alloys,  as  will  be 
demonstrated  in  the  section  on  metallurgical  variables,  and  thus  there  has 
been  a tendency  in  recent  alloy  devc’-ipment  work  to  reduce  the  aluminum 
content  of  alloys  to  less  than  6%. 
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Beta-Phase  Systems.  The  variety  of  phase  structures  that  may  be  produced  in 
these  systems  is  reflected  in  the  wide  range  of  mechanical  properties  that  may  be 
produced.  In  order  to  provide  a generalized  description,  we  shall  utilize  the 
titanium-molybdenum  system  as  an  illustration.  The  variation  in.  mechanical 
properties  with  molybdenum  content  is  shown  in  Fig.  8.  For  material  quenched 
from  the  f?- phase  field,  the  following  points  may  be  made: 

• The  hexagonal  martensite  is  relatively  soft-typical  of  the  substitutional 
martensites  in  most  titanium  alloys.  However,  the  ductility  of  such  structures 
tends  to  be  low. 

• A minimum  in  yield  strength  occurs  near  the  boundary  between  the  ortho- 
rhombic martensite  and  the  retained  (3  phase.  This  low  strength  is  coupled  with 
large  ductility  which  is  typical  of  titanium  alloys  that  undergo  stress-induced 
transformations. 

• The  retained  (3  phases  which  contain  high  molybdenum  contents  exhibit 
intermediate  strengths  and  ductility. 


STRAIN  TRANS 


Fig.  8.  Variation  of  mechanical  properties  and  phase  structure  of  (J 
quenched  Ti-Mo  alloys  113). 
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The  above  behavior  is  similar  in  many  other  binary  alloy  systems,  although  it 
should  be  noted  that  orthorhombic  martensite  and  stress-induced  transforma- 
tions do  not  occur  in  all  systems. 

All  of  the  structures  in  Fig.  8 can  be  tempered  to  produce  a+0  dispersions,  or 
such  dispcrsF'!!  may  be  generated  directly  by  suitable  treatments.  Tire  me- 
chanical properties  of  such  mixtures  depend  on  the  volume  fraction,  mean  free 
path,  and  particle  size  of  the  precipitate.  In  general,  the  small  particle  sizes  and 
high  volume  fractions  of  precipitate  result  in  high  yield  streng’hs,  although  there 
is  little  quantitative  understanding  of  the  strengthening  procesr.  To  give  one 
example.  Figs.  9a  and  b illustrate  the  a-particle  sizes  in  a Ti-8Mn  alloy  aged  at 
400°C  (750°F)  and  700°C  (1300°F);  the  yield  strengths  of  these  structures  are 
200  and  90  ksi,  respectively.  Coupled  with  increases  in  strength  in  these  a+0 
dispersions  are  the  usual  decreases  in  ductility  parameters  and  fracture  tough- 
ness. However,  although  this  is  a general  correlation,  one  additional  factor  must 
be  noted.  It  was  observed  in  the  early  stages  of  titanium  alloy  development  that 
acicular  a+0  microstructures  developed  from  martensitic  starting  structures 
exhibited  lower  values  of  tensile  elongation  compared  to  an  equiaxed  a+0 
dispersion;  thus  such  structures  tended  to  be  avoided  in  practice.  Subsequently  it 
was  shown  that  in  certain  alloys  acicular  structures  have  superior  fracture  tough- 
ness properties  compared  to  equiaxed  structures,  and  this  observation  has  led  to 
the  development  of  ^-processing  techniques  discussed  in  more  detail  on  pp.  321 
and  322.  The  maximum  strength  level  achievable  in  titanium  alloys  (>240  ksi) 
occurs  in  alloys  treated  to  produce  fine  0+a  structures,  although  the  usual 
complex  compositions  of  the  alloys  coupled  with  additions  of  0-eutectoid  ele- 
ments makes  structural  analysis  difficult. 

Finally,  in  this  section  we  shall  discuss  briefly  the  influence  of  the  u>  phase 
and  intermetallic  compounds  (0-eutectoid  type)  on  mechanical  properties.  The 
cc  phase  can  be  formed  quite  easily  in  many  experimental  and  commercial 
alloys,  although  it  is  not  utilized  in  alloys  as  a strengthening  agent.  This  phase 
produces  large  increases  in  strength  and  modulus,  bui  these  potential  benefits  are 
more  than  offset  by  decreases  in  ductility  and  toughness.  The  degree  of  strength- 
ening is  again  related  to  the  particle  size  and  volume  fraction  of  the  precipitate, 
yield  strengths  in  excess  of  220  ksi  being  achievable.  When  the  u>  phase  is 
present  after  quenching  from  the  0-phase  field,  its  influence  depends  on  the 
solute  atoms  present.  For  example,  in  titanium-molybdenum  alloys  which 
undergo  a strain-induced  transformation  the  phase  produces  little  strengthening, 
while  in  quenched  titanium-manganese  alloys  the  phase  results  in  intermediate 
strength  levels  and  low  ductilities.  In  all  systems  aging  to  produce  the  w phase 
causes  the  strength  to  increase;  it  appears  from  limited  data  that  fracture  tough- 
ness decreases  with  aging  but  tends  to  remain  constant  after  a certain  co-phase 
particle  size  is  reached.  The  chief  concern  with  the  u>  phase  in  practice  is  it« 
development  during  service  or  processing  exposure  at  intermediate  temperatures 
in  alloys  containing  the  0 phase.  If  this  occurs  then  the  changes  in  properties 
(both  mechanical  and  dimensional)  lead  to  poor  material  performance.  The 
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phase  is  nut  developed  intentionally  as  a strengthening  agent  in  titanium  alloys 
at  this  time;  however,  some  experimental  work  has  demonstrated  that  a+(3  aging 
followed  by  low-temperature  aging  to  develop  the  u>  phase  (sec  Fig.  5)  can  result 
in  useful  increases  in  strength  coupled  with  appreciable  ductility.  It  remains  to 
be  demonstrated  that  these  treatments  produce  superior  properties  to  the  con- 
ventional (3-fa  dispersions. 

A few  alloys  utilize  intcrmetallic  particles  formed  in  cutectoid  systems  as  a 
basis  for  strengthening.  Several  high-temperature  alloys  contain  silicon  which 
results  in  the  formation  of  silicides;  these  particles  probably  produce  some 
strengthening  but  also  serve  to  prevent  grain  growth  at  service  temperature.  The 
Ti-2.5C'u  alloy  is  an  example  of  one  which  utilizes  compound  formation  as  a 
strengthening  precipitate,  although  the  strength  level  at  room  temperature  is  not 
much  higher  than  that  of  interstitially  hardened  commercial-grade  titanium.  In 
this  alloy  and  in  Tj-l3V-l  lCr-3Al,  compound  formations  can  tend  to  embrittle- 
ment if  large  amounts  of  the  mtermetallic  phase  are  formed  at  the  grain 
boundaries  of  the  alloys. 

Commercial  Titanium  Alloys 

The  above  sections  serve  as  a background  io  discuss  the  behaviour  and  prop- 
erties of  commercial  titanium  alloys  such  an  introduction  is  necessary,  as  many 
titanium  alloys  contain  both  a-  and  ^-stabilizing  elements.  Thus,  the  transforma- 
tional characteristics  and  mechanical  properties  exhibit  a combination  of  the 
above  effects.  We  shall  use  as  a baste  classification  of  titanium  alloys  two 
characteristics-  the  equilibrium  phase  structure  present  at  room  temperature  and 
the  product  phases  formed  on  quenching  from  the  (3-phase  field. 

The  starling  point  is  (commercially)  pure  titanium,  an  a-phasc  alloy.  From 
this  is  derived  a series  of  a -phase  alloys,  the  commercial  grades  of  titanium  which 
are  essentially  titanium  oxygen  alloys,  and  the  solid  solution  type  alloys  con- 
taining aluminum,  tin  and  zirconium,  e.g.,  Ti-5Al-2.5Sn  and  Ti-5Al-5Zr-5Sn. 

It  has  been  noted  that  the  maximum  practical  aluminum  content  that  can  be 
tolerated  in  titanium  is  about  8/F  AI.  (The  current  commercial  limit  is  abort 
<>%.)  The  alloy  Ti-8Ai-lMo-l  V contains  both  a and  (3  phases,  although  the 
former  predominates.  As  the  amount  of  ((-stabilizing  elements  is  increased  and 
the  aluminum  content  is  decreased,  the  proportion  of  (3  phase  present  in  the 
structure  increases.  Thus  a series  of  a+(3  type  of  titanium  alloys  may  be  cited, 
e.g,,  Ti-SAl-l  V-lMo,  Ti-6AI-4V,  and  Ti-4Al-3Mo-l  V,  in  which  the  a phase  pre- 
dominates but  decreases  in  volume  fraction  progressively  through  the  series. 
These  anoys  form  hexagonal  martensites  on  quenching  from  the  (3-phase  field, 
although  a small  amount  of  retained  (3  phase  may  also  be  present  in  Ti-4AJ- 
3Mo-l  V.  A final  factor  of  importance  in  both  the  «+(3  and  (3+a  alloys  is  that  in 
complex  alloys  solute  elements  tend  to  partition  themselves  between  the  two 
phases.  Titus  a-phasc  stabilizing  elements  concentrate  in  the  a phase  and  likewise 
(3-phase  stabilizing  elements  tend  to  segregate  to  the  (3  phase.  This  can  render  a 
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phase  sus  eptible  to  stress  corrosion  cracking  even  though  the  overall  alloy 
composition  appears  to  he  outside  the  susceptible  range. 

No  hilly  stable  0-phasc  alloy  is  produced  commercially,  but  several  alloys 
cotiiain  sufficient  p-stabiltzer  or  eutecloid  elements  to  retain  a metastable  phase 
on  quenching  from  the  (1- phase  field,  lor  example,  Ti-1 3V-I  I('r-3A1,  Ti-8Mo-8V- 
3AI-2Ie.  or  Ti- 1 l-5Mo-n7.r-4.NSn  (note,  however,  that  these  alloys  contain  the  a 
stabilisers  aluminum  or  tin).  In  such  alloys,  the  (j  phase  predominates  and  is  the 
matrix  phase  thus  we  designate  them  (H-a  alloys. 

A rather  indistinct  boundary  exists  between  the  /3+a  ; J a+fi  alloys  perhaps 
best  exemplified  by  the  alloy  Ti-6AI-2Sn-4Zr-6Mo,  which  c<  'tains  large  amounts 
of  both  a-  and  (3-stabilizing  elements.  In  this  alloy  the  quenc.t  product  is  ortho- 
rhombic marfen.o'e,  and  sufcjeqm tompc;:;ig  produces  a ps-a  type  of  struc- 
ture. 

This  alloy  classification  is  summarized  in  Table  I.  A more  complete  descrip- 
tion of  the  phase  structure  and  properties  of  some  commercial  titanium  alloys  is 
given  on  pp.  30t>-333.  In  the  following  section,  these  properties  are  sum- 
marized and  an  account  given  of  conventional  heat-treatment  procedures. 

Table  I.  Titanium  Alloy  Classification 


structure 
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"Note  that  the  boundary  between  a+/J  and  alloys  is  not  well  defined. 


In  Table  2 typical  room-temperature  mechanical  properties  are  shown  for 
several  commercial  alloys  in  different  heat-treatment  conditions.  It  should  be 
einphastz.ed  that  this  table  is  not  intended  for  the  purpose  of  rating  alloys,  since 
the  properties  shown  are  not  minimum  design-allowable  values.  With  the  excep- 
tion ol  density,  any  one  property  possibly  could  be  improved  by  slight  composi- 
tional or  heat-treatment  variations. 

Reference  is  made  in  Table  2 and  also  in  the  section  on  metallurgical  variables 
to  standard  heat  treatments  given  to  titanium  alloys,  which  are  denoted  mill 
annealed  (MA),  duplex  annealed  (DA),  solution  treated  and  aged  (STA),  etc. 
Schematical  representations  (Figs.  10  through  1 5)  and  brief  descriptions  of  such 
heat-treatment  procedures  are  given  in  the  following  sections. 
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Table  2.  Some  Typical  Physical  and  Mechanical  Properties  ol 
Commercial  Titanium  Alloys 


A Ho  y 

Thick 

ness 

Heat 

Treat- 

ment 

ITS, 

ksi 

TYS. 

ksi 

H 

P/ 

K jr 

or  A't„ 
ksi  \ftn. 

**!,« 

or 

^see- 
ks! v in. 

t:. 

psi 

P 

lb! 
cu  in 

a Alloys 

Tl-70A 

0.50 

aA-AC 

102 

83 

25 

123 

33 

1 6.9  x 1()6 

0.163 

0.50 

aAWO 

106 

85 

22 

128 

34 

17.0 

0.163 

0.50 

ST  A 

103 

82 

25 

113 

39 

17.0 

0.163 

0.50 

(JA-WQ 

101 

76 

23 

105 

70 

16.4 

0.163 

0.50 

(LS  I A 

102 

77 

22 

96 

48 

16  7 

0,163 

Ti-5  AI-2.5Sn 

0.50 

aA-AC 

134 

126 

19 

88 

30 

19.6 

0 162 

0.50 

aA  WO 

135 

124 

17 

103 

27 

18  3 

0 162 

0.5 

SLA 

139 

129 

19 

83 

23 

18.3 

0.162 

0.5 

(j.A-WO 

140 

126 

14 

1 19 

37 

16.8 

0.162 

Ti-5  AI-S7.r-5Sn 

0.5 

oA-A(‘ 

128 

1 16 

17 

83 

50 

17.2 

0 162 

0.5 

aA-WQ 

127 

110 

17 

101 

67 

17.0 

0.162 

0.5 

STA 

128 

1 19 

17 

83 

34 

17.5 

0 162 

a+*j  Alloys 

T1-8AI  TMo-lV 

0.050 

MA 

155 

US 

10 

75 

30 

18.5  x Id6  0 158 

0.050 

l)A 

145 

135 

12 

160 

50 

18  0 

0.158 

0.5 

MA 

155 

145 

10 

48 

20 

18  5 

0.158 

0.5 

DA 

145 

135 

12 

100 

32 

18.0 

0.158 

Ti-6  Al-4  V 

0.060 

MA 

144 

137 

15 

150 

1 10 

16.0 

0.160 

0060 

DA 

140 

133 

18 

150 

110 

16.0 

0 160 

0.060 

STA 

167 

160 

13 

95 

65 

16  5 

0. 1 60 

0060 

0-STA 

165 

155 

7 

95 

65 

16  5 

0 1 60 

0 5 

MA 

144 

137 

15 

60 

35 

16  0 

0 1 60 

0 5 

DA 

140 

133 

18 

70 

52 

16.0 

0.160 

0.5 

SLA 

167 

160 

13 

47 

25 

16.5 

0.160 

0.5 

(J-STA 

165 

155 

7 

70 

45 

16.5 

o. ; 60 

Ti-4AI-3Mo-IV 

0.050 

MA 

135 

125 

14 

170 

130 

16.0 

0.163 

0.050 

DA 

135 

125 

12 

190 

145 

16.0 

0.163 

0,050 

/•STA 

155 

140 

7 

120 

100 

16.5 

0.163 

0.050 

MA 

135 

125 

14 

115 

105 

16.0 

0.163 

0 50 

DA 

135 

125 

12 

125 

120 

16  0 

0 163 

0.50 

ii-STA 

155 

140 

7 

95 

70 

16  5 

0.163 

Ti-5  AI-6V-2Sn 

0 50 

MA 

165 

157 

14.5 

60 

20 

16.0 

0 164 

0.50 

DA 

160 

146 

12 

80 

25 

15.5 

0.164 

0 50 

SI  A 

180 

170 

6 

45 

30 

16.5 

0 1 64 

0.50 

(J-SIA 

165 

152 

9 

70 

45 

16.0 

0 164 

f i-7AI-4Mo 

0.50 

MA 

157 

144 

9 

73 

31 

17,0 

0 162 

0.50 

STA 

191 

167 

15 

36 

26 

17.0 

0 162 

IMI 680 

0.50 

pi  «T)A 

190 

166 

7 

44 

28 

15.5 

0.175 

IMI  700 

0.50 

DA 

200 

180 

7 

20 

10 

16  5 

0.164 

0 50 

STA 

185 

165 

8 

20 

10 

16  5 

0.164 
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Table  2.  Some  Typical  Physical  and  Mechanical  Properties  of 
Commercial  Titanium  M\oys- Continued 


A Hoy 

Thick- 

ness 

Hect 

Treat- 

ment 

UTS.  TYS,  FA 
ksi  ksi  7c 

K\c 
or  Kc, 
ksi  yjtri. 

*^Lscc 

or 

Fscc. 

ksi  y/iri. 

E, 

psi 

P 

'.of 
cu  in. 

h-6Al-2Sn4Zr-2Mo 

0.50 

ST  A 

173 

152 

10 

53 

27 

16.0 

0.164 

Ti-6Al-2Sn4Zr-6Mo 

0.50 

MA 

177 

160 

14 

55 

2r 

17.0 

0.169 

0.50 

DA 

IRS 

150 

8 

80 

45 

17.0 

0.169 

0+a  Alloys 

Ti-13V-ilCr-3AI 

0.50 

P-S7 

125 

120 

10 

>100 

35 

14.5  x I06  0.176 

0.50 

0-STA 

170 

160 

4 

70 

30 

15.5 

0.176 

Ti-ll.5Mo-6Zr4.5Sn 

0.50 

0-ST 

115 

80 

28 

- 

- 

14.5 

0.184 

0.50 

0-STA 

185 

170 

9 

65 

25 

15.5 

0..34 

Ti-8Mo-8V-3AI-21e 

0.50 

0-ST 

121 

119 

28 

- 

- 

14.5 

0.175 

0.50 

(J-STA 

187 

181 

5 

50 

31 

15.5 

0.175 

T«-3Al-8V-6Cr4Mo4Zr  0.50 

(3-ST 

i26 

120 

20 

- 

- 

15  0 

0.174 

0.50 

0-STA 

205 

193 

o.5 

50 

37 

16.0 

0.174 

*3.5*7  salt  water 


Heat  Treatment  of  Commercial  AUoys.*  Various  classes  of  commercial  alloys 
may  K*  given  any  of  the  following  heat  treatments  either  by  'he  melai  producer 
or  b>  the  fabricator. 

Ai:  tys.  Mill  annealing  for  a+p  alloys  consists  of  (a)  forming  to  size,  (b) 
heating  to  l.-50°F  (7T0°C)  and  soaking  4 hr,  and  (c)  furnace  cooling  to  room 
temperature.  Hus  treatment  is  often  specified  for  Ti-6v  J-4V,  the  mill  annealing 
treatment  fo;  other  a+0  alloys  may  differ.  Mill  annealing  generally  produces  a 
fine-grained  e^uiaxed  a+p  microstructure  (see  Fig.  10).  rhe  volume  fraction  of 
the  P phase  depends  on  'he  composition  of  the  alloy  and  the  anr.ealmg  tempera- 
ture. In  alloys  containing  high  percentages  of  Al  end  Sn.  furnace  costing  causes 
the  precipitation  oi  *2  m the  Q phase;  &2  >s  usually  not  resohahle  under  the 
optivdl  micioscope. 

Duplex  annealed  alloys  are  (a)  formed  to  size,  (b)  heated  to  17S0°F  (C?55°C) 
and  soakeu  10  min.  (c)  air  cooled  to  room  temperature,  (d)  heated  to  1250CF 
(<»750C ) and  soaked  4 hr,  and  (c)  air  coole  J to  room  temperature. 

There  are  apparently  sever;  l other  uupie^-annealing  treatments  in  use  at  »he 
present  time.  The  duplex  anneal  for  Ti-8  A)-)Mo-l V consists  of  reheating  mill- 
annealed  material  to  i450°F  and  then  either  air  cooling  or  water  quenching  it; 
under  the  optical  microscope  liitle  difference  can  be  discerned  bctwvcn  MA  and 
DA  mi<  rostructures. 


* I'hruughout  thts  chapter,  the  sequence  .>f  c*+0  denote  a pred-  .inantly  o structure,  and, 
conversely.  (S-* u denote < a predoniinr ,itly  0 9 iructurc. 


266 


titanium  alloys 


In  alloys  such  as  Ti-6A1-4V  and  Ti-4Al-3Mo-l  V the  duplex  annealing  treat- 
ment is  similar  to  that  shown  in  Fig.  1 1.  During  the  first  annealing  treatment  the 
(3  phase  partially  decomposes,  forming  fine  plates  of  a phase.  In  the  second, 
low-temperature  anneal,  the  volume  fraction  of  the  (5  phase  decreases  but  is  more 
enriched  in  ^-stabilizing  elements  (such  as  V and  Mo). 

Solution  treated  and  aged  (STA  or  a+0  ST A)  alloys  are  (a)  formed  to  size,  (b) 
heated  to  1750°F  (°S5°C)and  soaked  10  min,  (c)  water  quenched,  (d)  heated  to 
1000°F  (S40°C)  or  1250°F  (675°C)  and  aged  4 hr,  and  (e)  air  cooled  to  room 
temperature. 

It  can  be  seen  from  Figs.  1 1 and  12  that  the  temperature  and  time  cycles  for 
these  two  treatments  are  similar.  The  basic  difference  is  that  the  material  is 
water  quenched  after  the  first  high-temperature  anneal  and  thus  the  (3  phase  does 
not  decompose  by  diffusional  processes  but  transforms  to  martensite.  On  sub- 
sequent aging  at  temperatures  between  1000°F  (540°C)  to  1250°F  (675°C),  the 
martensite  decomposes  t"  form  fine  (a+(3)-phase  dispersions  while  the  primary 
phase  is  relatively  unaffected. 

Beta-solution  treated  and  aged  ((3-STA)  alloys  are  (a)  formed  to  size  at 
temperatures  above  the  0 transus  or  heated  to  2Q00°F  (1095°C)  and  soaked  1 
hr.,  (b)  water  quenched,  (c)  heated  to  1000°F  (540°C)  or  1250°F  (675°C)  and 
aged  4 hr,  and  (d)  air  cooled  to  room  temperature. 

Normal  (3-STA  treatments  consist  of  solution  treating  (as  shown  in  Fig.  13)  at 
a temperature  above  the  (3  transus  followed  by  water  quenching  to  form  a fully 
martensitic  structure.  On  subsequent  low-temperature  aging  (tempering),  fine 
(a+(3>phase  structures  are  produced.  A second  a+0  solution  treatment  is  often 
used  after  the  first  (3  treatment;  if  this  is  employed,  material  may  be  aircooled 
fiom  the  (3-phase  field.  It  is  also  possible  to  incorporate  0 processing  into  this 
heat-treatment  schedule.  Material  is  worked  to  the  desired  shape  at  a tempera- 
ture above  the  0 transus.  Working  may  then  be  followed  by  a water  quench  and  a 
low-temperature  temper,  as  for  (3-STA.  Alternatively,  the  material  can  be  air 
cooled  from  the  finishing  temperature,  which  results  in  a coarse  Widmanstatten 
(a+(3)-phase  structure. 

Beta  and  0+a  Alloys.  These  alloys  may  be  either  solution  treated  (j3  ST)  or 
solution  treated  and  aged  (STA).  Metastable  (3-phase  alloys  are  solution  treated 
above  the  0 transus  (Fig.  14)  and  then  either  air  cooled  or  water  quenched.  The 
microstructure  consists  of  equiaxed  grains  of 0 t..use. 

Solution  treated  and  aged  ((3-STA)  alloys,  after  solution  treatment,  are 
generally  aged  at  temperatures  within  the  ((3+a)-phase  field  (see  Fig.  14). 

At  the  lower  aging  temperatures,  the  microstructure  consists  of  fine  Wid- 
manstatten plates  of  a phase  (composition  X)  in  a (3-phase  matrix  (composition 
Y).  The  w phase  might  form  on  cooling  from  the  aging  temperature  and  cause 
embrittlement. 

The  more  conventional  heat  treatment  for  commercial  metastable  (3-phase 
alloys  is  to  both  solution  treat  and  age  below  the  transus  temperature.  Such  a 
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fig.  14.  Schematic  representation  of  (1-ST  heat  treatments  for  meta- 
stable  /3-phase  alloys. 


heat  treatment  produces  higher  yield  strength  but  somewhat  lower  toughness 
than  (i-STA  material. 

Alpha-Phase  Alloys.  Alpha  annealing  in  the  cr-phase  field  (Fig.  15)  (aA-AC, 
aA-WQ,  STA)  produces  an  equiaxed  grain  structure  irrespective  of  cooling  rate. 
Little  microstructural  or  property  variations,  however,  can  be  achieved  by 
changing  the  heat  treatment  of  a-phase  alloys.  Small  amounts  of  residual  im- 
purities, such  as  iron,  can  stabilize  up  to  5%  0 phase,  and  transformation  in  this 
phase  can  influence  mechanical  and  stress  corrosion  properties.  For  example, 
decomposition  to  (/3+w)-phase  structures  van  lower  stress  corrosion  resistance. 


a STABIUZEB.  ».» , or  0 IV 

f ig.  15.  Schematic  of  (J  annealing  and  a annealing  in  a alloys. 


PHYSICAL  METALLURGY  OE  TITANIUM  ALLOYS 


271 


In  alloys  such  as  Ti-5A!-5Zr-SSn  and  Ti-5AI-2.5Sn,  the  a phase  may  also 
decompose  during  slow  cooling  or  iow-temperature  aging  to  form  0+02  struc- 
tures. Neither  (j3tu).  nor  (a+a2  )-phase  structures  can  be  resolved  under  the 
optical  microscope. 

Beta  annealing  (ft  A-WQ,  (3-STA)  is  done  by  solution  treating  alloys  in  the 
ji-phase  field  (Fig.  15)  and  then  water  quenching,  producing  a microstructure  of 
100%  massive  martensite.  When  such  structures  are  aged  (tempered)  at  low  and 
intermediate  temperatures,  recovery  and  recrystallization  occur.  In  some  alloys, 
the  <12  phase  may  form  during  tempering. 

Step  cooling  (SC)  is  a heat  treatment  in  which  alloys  are  cooled  from  the 
annealing  temperature  to  some  intermediate  temperature,  at  which  they  are  held 
for  some  time  before  being  cooled  to  room  temperature.  This  is  not  a com- 
mercial heat  treatment  but  has  been  used  to  induce  SCC  susceptibility  for  ex- 
perimental purposes. 

Interstitial  Elements  in  Titanium  Alloys 

In  the  previous  sections,  the  phase  transformations  and  mechanical  properties 
were  described  for  titanium  alloys  containing  substitutional  elements.  However, 
the  smaller  elements  dissolve  interstitially  in  titanium  alloys,  the  most  important 
being  oxygen  and  hydrogen.  Boron  is  usually  considered  an  undesirable  element 
especially  in  (/3+o)-type  alloys  as  it  causes  large  reductions  in  toughness. 

Oxygen.  The  oxygen  element  is  present  in  all  commercial  alioys;  the  various 
grades  of  commercially  pure  titanium  are  based  essentially  on  the  Ti-0  system. 
The  Ti-0  phase  diagram  is  complex,  but  the  element  is  not  present  in  suffi- 
cient quantities  in  commercial  titanium  alloys  to  form  any  of  the  super- 
lattices or  compounds  that  occur  at  higher  oxygen  levels.  Oxygen  may  influence 
phase  transformations;  for  example,  being  a potent  a stabilizer,  it  raises  the  P 
transus  of  alloys.  Further  it  influences  the  transformation  kinetics  and  extends 
the  stability  field  of  the  0:2  phase  in  Ti-Al  alloys.  The  element  produces  con- 
siderable solid  solution  strengthening  as  described  above  and  concurrently  re- 
duces ductility  and  fracture  toughness.  This  behavior  is  accentuated  at  low 
tempeiatures,  which  has  led  to  the  development  of  extra-low-interstitial  (ELI) 
grades  of  titanium  alloys  for  cryogenic  and  other  applications. 

Contamination  of  titanium  alloys  by  oxygen  can  occur  at  elevated  tempera- 
tures (>1200°F)  where  the  rate  of  scale  formation  is  rapid.  Further,  the  oxide  is 
soluble  in  the  metal,  and  thus  there  is  often  no  clear-cut  metal-oxide  interface  as 
occurs  in,  for  example,  aluminum  alloys.  Thus  the  surface  layers  of  a titanium 
part  may  be  high  in  oxygen  and  exhibit  different  properties  than  the  interior  of 
the  material. 

Hydrogen.  The  titanium-hydrogen  system  is  of  the  (S-eutectoid  type,  and  at 
low  temperatures  titanium  hydride  (TiH2)  is  precipitated.  The  solubility  of 
hydrogen  in  titanium  at  room  temperature  is  very  low,  and  hydrogen  in  solid 
solution  precipitates  as  the  hydride.  (Note  that  the  hydrogen  solubility  limit 
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may  be  reduced  by  plastic  deformation  of  the  alloy.)  In  (3-phase  alloys,  the 
solubility  is  higher  yet,  and  very  large  hydrogen  levels  are  required  for  hydride 
formation. 

Although  hydrogen  does  no!  influence  the  tlow  strength  of  alloys  ap- 
preciably, it  degrades  fracture  toughness.  This  degradation  is  known  as  hydrogen 
embrittlement.  Two  forms  of  embrittlement  occur  in  titanium  alloys  [18] : 

• Fast-strain-rate  hydrogen  embrittlement  (FSRHE)  is  most  often  observed 
in  a-phase  alloys  during  impact  testing  at  lev;  temperatures.  This  form  of  em- 
brittlement may  occur  in  (a+i 3>  and  ()3-t-a)-phase  alloys;  however,  much  higher 
hydrogen  concentrations  are  no  mally  required. 

• Slow-strain-rate  hydrogen  embrittlement  (SSRHE)  is  most  often  observed 
in  (a+(3)-phase  alloys  but  may  also  occur  in  other  alloy  types.  Such  embrittle- 
ment is  observed  only  at  very  low  applied  strain  rates  or  under  static  loading, 
and  this  characteristic  forms  the  basis  for  the  distinction  between  the  two 
phenomena. 

The  latter  form  of  embrittlement  occurs  by  the  nucleation  and  growth  of 
cracks  and  is  a time-dependent  process.  Little  further  work  on  SSRHE  has  been 
performed  (at  least  on  useful  commercial  alloys)  since  a review  [18|  was 
published  in  1962.  Hydrogen  contamination  of  a+/3  alloys  does  not  influence 
*Ucc  119.20).* 

5.3  Corrosion  of  Titanium  and  Its  Alloys 

The  purpose  of  this  section  is  to  describe  briefly  the  corrosion  properties  of 
titanium  alloys  in  common  environments  and  under  conditions  which  limit  their 
usefulness.  The  section  specifically  excludes  stress  corrosion,  which  is  reserved 
for  section  5.4.  Several  reviews  cover  the  general  chemistry  of  titanium  and  the 
corrosion  properties  of  the  material  in  detail  [21-25] . 

General  Behavior 

Titanium  is  a highly  reactive  metal  which  forms  compounds  with  oxygen, 
nitrogen,  the  halogens,  carbon,  boron,  etc.  The  reactions  are  in  several  cases 
explosive,  e.g.,  titanium  with  dry  chlorine,  and  in  all  cases  liberate  a considerable 
quantity  of  heat  This  general  reactivity  of  titanium  is  modified  at  low  tempera- 
tures by  the  presence  of  a tenacious,  protective  oxide  film.  In  fact  the  corrosion 
properties  essentially  reflect  the  conditions  under  which  this  film  is  removed  or 
becomes  nonprotective.  The  oxide  film  can  also  be  ruptured  by  mechanical 
methods,  e.g.,  stresses  (above  the  yield  stress)  or  abrasion,  and  in  such  cases  the 
ease  and  rate  of  oxide  formation  or  rehealing  of  the  film  determine  the  corrosion 
properties. 

‘Dissolved  hydrogen  can  cause  stow  cracking  under  sustained  stress  in  (he  absence  of  a reac- 
tive envuonmer.  1 20 ) . Hus  phenomenon  may  be  of  practical  importance.  (Editor. ) 
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Gases 

Titanium  forms  a multiplicity  of  oxide  phases  with  oxygen,  e.g.,  TijO,  TiO, 
T12O3,  and  TiC>2;  many  of  these  phases  are  structural  modifications  of  other 
oxides,  in  most  cases  at  least  the  outer  layer  of  an  oxide  film  has  the  composi- 
tion and  structure  of  rutile,  TiC>2.  Under  certain  temperature  and  pressure  con- 
ditions titanium  can  react  explosively  with  pure  oxygen.  The  reaction  with  air, 
which  is  usually  less  violent,  is  of  importance  in  determining  the  formation  and 
breakdown  of  the  protective  surface  film.  At  elevated  temperatures  the  surface 
fi’~  on  titanium  may  have  the  composition  TiC^,  but  the  oxygen  level  varies 
continuously  into  the  metallic  substrate.  The  contaminated  layer  can  be  quite 
thick  (1  to  10  mils),  and  as  this  layer  is  brittle  it  may  crack  under  load.  Further, 
if  the  contamination  is  not  removed  before  a subsequent  heating  cycle,  tne 
oxygen  penetrates  deeper  into  the  material  on  reheating.  This  form  of  con- 
tamination is  a problem  at  temperatures  above  1200°F,  and  significant  scaling 
may  occur  above  1400°F.  The  depth  of  penetration  by  oxygen  (for  a constant 
time  and  temperature)  increases  with  the  solute  content  in  an  alloy,  the  degree 
of  contamination  being  approximately  proportional  to  the  total  solute  content. 

Reaction  with  nitrogen  takes  similar  form  as  that  with  oxygen,  although  the 
nitride  is  less  stable  than  the  oxide. 

Hydrogen  is  absorbed  almost  reversibly  above  approximately  600°F  up  to  the 
composition  TiH2-  Reaction  also  occurs  with  hydrogen  gas  at  room  temperature 
to  produce  the  hydride,  although  the  oxide  film  must  be  perforated  for  this 
reaction  to  occur.  In  hydrogen,  as  in  several  other  gases  such  as  chlorine  and 
sulphur  dioxide,  reaction  is  suppressed  by  the  presence  of  moisture,  which  main- 
tains the  integrity  of  the  oxide  film. 

Aqueous  Solutions 

The  corrosion  behavior  of  titanium  and  its  alloys  in  aqueous  solutions  is 
determined  by  the  pH,  electrochemical  potential,  and  the  ionic  species  p'escni, 
among  other  factors.  This  corrosion  behavior  is  summarized  in  Fig.  16,  which 
shows  the  stable  titanium  species  and  corrosion  behavior  (passive,  active,  and 
pitting)  in  various  regimes  of  potential  and  pH.  The  information  such  as  that  of 
Fig.  16  may  also  be  plotted  according  to  the  convention  of  Pourbaix,  as  shown 
in  Fig.  17  (26) . 

Titanium  and  its  alloys  do  not  undergo  either  general  corrosion  or  pitting  in 
neutral  or  nearly  neutral  solutions,  even  those  containing  chloride,  at  room 
temperature  unless  the  potential  is  moved  artificially  in  the  positive  direction,  as 
•R^wn  in  Fig.  16.  If  the  temperature  is  raised  to  270°F,  however  (the  exact 
temperature  depends  upon  the  concentration  of  chloride  and  the  composition  of 
the  alloy),  titanium  and  its  alloys  are  susceptible  to  crevice  corrosion. 

In  acidic  solutions,  the  corrosion  behavior  of  titanium  and  its  alloys  depends 
on  the  nature  and  strength  of  the  acid  as  well  as  c;'  temperature.  Titanium  is 
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Fig.  16.  A summary  of  the  stable  species  and  corrosion  behavior  of  titanium  in  aqueous 
solutions.  Note  the  dependence  on  potential  and  pH.  The  calomel  scale  for  the  saturated 
reference  electrode  and  the  silver  chloride  electrode  refers  to  a 3.5%  sodium  chloride 
solution. 


pH 

Fig.  1 7.  Potential-pH  equilibrium  diagram  for  titanium  in 
aqueous  solutions  { 26] . 
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incompatible  with  anhydrous  red  fuming  nitric  acid  and  may  react  explosively. 
As  shown  in  Figs.  16  and  1 7,  titanium  is  soluble  in  acid  solutions,  forming  Ti3+ 
ions  which  thereby  leave  the  surface  of  die  metal  unprotected  and  reactive,  a 
matter  which  may  be  of  importance  in  SCC. 

Hydrogen  can  be  absorbed  by  titanium  and  its  alloys  from  acidic  aqueous 
solutions,  e.g.,  HC1,  H2SO4,  and  HF.  Such  absorption  at  room  temperature  does 
not  lead  usually  to  embrittlement  of  the  bulk  titanium,  as  the  hydride  is  re- 
stricted to  the  surface  layers.  At  200  to  400°F,  however,  hydrogen  pickup  and 
embrittlement  have  been  observed  in  nonoxidizing  conditions.  Hydrogen  pickup 
is  promoted  by  surface  contamination  by  iron. 


5.4  Stress  Corrosion  Cracking  Behavior 
Introduction 

The  SCC  test  methods  utilized  for  titanium  alloys  depend  quite  strongly  on 
the  environment  to  be  evaluated;  for  example,  smooth  specimens  are  the  pre- 
dominant type  used  in  hot  salt  SCC  studies,  while  precracked  specimens  are 
utilized  extensively  in  aqueous  SCC  evaluations.  Test  methods  ihat  employ  such 
prescribed  specimens  are  described  in  detail  in  Chapter  2.  Note  that  such  tech- 
niques avoid  the  problem  of  crack  nucleation,  a factor  that  may  merit  recon- 
sideration in  certain  applications  as  titanium  becomes  more  widely  used.  In  the 
following  sections  we  shall  comment  on  the  test  techniques  and  crack  nucleation 
problems  in  the  various  environments  discussed.  In  the  presentation  of  data, 
emphasis  will  be  placed  on  the  threshold  stress-intensity  value  for  the  onset  of 
cracking  AqJCC  (where  this  parameter  is  real).  The  velocity  of  cracking  is  im- 
portant in  the  SCC  problem;  therefore,  we  shall  describe  the  cracking  rates 
observed  in  the  various  environments  and  how  these  rates  are  changed  by  the 
external  conditions.  The  general  methods  of  representing  SCC  data  are  shown  in 
Fig.  18,  for  both  smooth  specimens  (Fig.  18a),  and  precracked  specimens  (Fig. 
18b,  c,  and  d). 

In  general  there  are  two  methods  of  presenting  results  from  precracked  speci- 
mens. First,  the  initial  stress  intensity  factor  Ki  is  plotted  vs  time  to  failure  in  a 
specific  environment.  This  plot  is  used  to  define  a threshold  stress  intensity 
*lsc  c for  those  systems  for  which  a true  threshold  appears  to  exist.  Second, 
crack  velocity  V is  plotted  against  stress  intensity  K,  which  can  also  define 
A’| jCc ; that  is  the  value  of  K at  which  the  crack  velocity  goes  to  zero.  From  these 
different  types  of  data,  there  are  two  ways  of  describing  or  defining  suscepti- 
bility: first,  the  absolute  value  of  K\icc  and  the  ratio  of  K\SCCIK\C*  and  second. 


•Although  this  ratio  has  been  widely  used,  it  has  no  merit  over  reporting  absolute  values, 
and  it  has  the  disadvantage  of  incorporating  the  considerable  errors  which  may  eajily 
occur  in  the  AC|(  determination,  especially  in  'iianium  alloys.  (Editor) 


STRESS  INTENSITY  (K)  — ► 
(c)  Notched  and  precracked  specimens 


STRESS  INTENSITY  \KI  — »» 
(d)  Typical  curves  for  a or  a+0  alloys 
tested  in  aqueous  solutions 


Fig.  13.  Methods  of  presenting  SCC  data  for  various  specimens. 
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the  velocity  of  cracking  at  various  stress  intensity  levels.  The  velocity  vs  stress 
intensity  approach  was  first  used  for  analyzing  subcritical  crack  growth  in  glass 
[27],  steel  [28],  and  brass  [29],  and  was  subsequently  extended  to  titanium 
alloys  [30,31].  Generally,  three  stages  may  be  exhibited  in  a V vs  K plot  (Fig. 
18c);  regions  1 and  III  are  strongly  stress  intensity  dependent,  whereas  region  II 
is  virtually  independent  of  K\  i.e.,  a plateau  velocity  exists.  (Typical  V-K  curves 
for  titanium  alloys  observed  in  aqueous  solutions  are  shown  in  Fig.  18d.) 

In  the  following  sections  we  attempt  to  separate  the  many  variables  influenc- 
ing SCC  into  three  main  groups.  These  are  mechanical  effects,  environmental 
effects,  and  metallurgical  effects.  Some  difficulties  arise  with  such  a division 
since  most  of  the  variables  are  interrelated.  Therefore,  before  this  division  is 
made,  we  will  list  the  environments  in  which  SCC  of  titanium  alloys  has  been 
observed.  These  are  aqueous  solutions,  organic  liquids,  hot  salt,  nitrogen  te- 
troxide  (N2O4),  red  fuming  nitric  acid  (RFNA),  molten  salts,  liquid  metals,  and 
gases.  A discussion  of  SCC  in  these  environments  is  given  under  “Environmental 
Variables.”  We  also  classify  the  titanium  alloys  that  are  susceptible  to  SCC  into 
three  basic  types: 

• a alloys,  including  a+p  alloys,  in  which  only  the  a phase  is  S'  sceptible 
to  transgranular  SCC  (in  aqueous  solutions). 

• P alloys,  including  P+a  alloys,  in  which  only  the  P phase  is  susceptible  to 
transgranular  SCC  (in  aqueous  solutions). 

• Alloys  of  the  p+a  type  which  are  subject  to  intergranular  SCC  (in 
aqueous  solutions). 

In  the  following  discussion  of  SCC  of  titanium  alloys  we  will  use  specific 
examples  of  alloys  and  heat  treatments  that  best  illustrate  the  phenomenon 
under  consideration.  The  “model  systems”  we  have  chosen  are  shown  in  Table  3. 
Relative  terms  such  as  “very  susceptible  to  SCC”  are  used  in  the  text.  For 
example,  a “very  susceptible”  alloy  in  aqueous  solution  would  exhibit  SCC  in 
distilled  water,  a low  KfSCc  in  salt  water,  and  cracking  rates  of  about  10' 2 
cm/sec. 


Table  3.  Phase  Susceptibility  of  Selected  Titanium  Alloys 


a-Phase  Susceptible  Alloys 

P-Phase  Susceptible  Alloys 

a Phase 

a+0  Phase 

P+a  Phase 

P Phase 

Ti-Al 

Ti-8Al-8Mo-l  V 

Ti-8Mn 

Transgranular 

Ti-13V  1 lCr-3Al 

Ti-5AI-2.5Sn 

Ti-6A1-4V 

Ti-1 1.5Mo-6Zr- 
4.5Sn  (Beta  III) 
Intergranular 

Ti-5Al-5Zr-5Sn 
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Mechanical  Variables 

Stress  Concentrations.  Most  a alloys  wh>*n  tested  as  smooth  specimens  in 
neutral  aqueous  solutions  do  not  exhibit  SCC,  and  the  initial  discovery  of  SCC 
in  precracked  samples  of  Ti-7Al-2Nb-lTa  tested  in  seawater  came  as  a surprise 
both  to  the  users  of  titanium  and  to  the  scientific  community.  Indeed,  one  major 
aerospace  company  reevaluated  its  alloy  selection  for  a supersonic  aircraft  on  the 
basis  of  the  results  of  this  type  of  test.  It  had  been  thought  prior  to  the  results 
on  precracked  specimens  that  a titanium  alloys  were  immune  to  both  general 
corrosion  and  SCC  in  such  environments,  although  susceptibility  of  Ti-13V- 
I lCr-3Al  had  been  observed  earlier  [32] . 

Tlie  presence  of  a notch  is  often  stated  to  be  a requirement  for  SCC  in 
aqueous  solutions  [33] . This  is  not  a necessary  requirement  for  all  alloys  in  aque- 
ous solutions  and  is  certainly  not  a necessary  condition  for  all  environments.  Thus, 
titanium  alloys  that  are  susceptible  to  SCC  can  be  divided  into  two  general 
types. 

• Those  which  experience  SCC  in  any  solution  even  without  a stress  con- 
centration. These  are  mostly  (3  alloys  such  as  Ti-13V-I  lCr-3Al  and  Ti-8Mn. 
However,  this  classification  also  includes  some  a and  a+(3  alloys  wh-ch  can  be 
very  susceptible  to  SCC,  e.g.,  Ti-8Al-lMo-lV. 

• Those  which  will  not  experience  SCC  in  certain  environments  without 
notches  or  cracks. 

Figure  19  is  an  attempt  to  show  schematically  where  a stress  concentration  (a 
notch  or  notch  plus  precrack)  would  be  required. 

• Type  1 Behavior:  Specimens  require  a fatigue  crack  to  indicate  sus- 
ceptibility to  SCC;  e.g.,  duplex-annealed  Ti-6A1-4V  in  neutral  aqueous  solu- 
tions. 

• Type  2 Behavior:  Specimens  may  have  a fatigue  crack  or  a machined 
notch  to  indicate  susceptibility  to  SCC;  e.g.,  mill-annealed  Ti-8Al-lMo-lV  in 
neutral  aqueous  solutions. 

• Type  3 Behavior:  Susceptibility  to  SCC  is  apparent  on  testing  smooth 
specimens;e.g.,Ti-8AMMo-l  V,  Ti-8Mn,  and  Ti-1 3V-1  lCr-3Al  in  neutral  aqueous 
solutions. 

Thickness  Effect.  Soon  after  the  discovery  of  SCC  in  aqueous  solutions,  it 
was  found  that  the  level  of  susceptibility  in  a and  a+(3  alloys  was  dependent 
upon  specimen  thickness  [34],  Typical  results  are  shown  for  Ti-6A1-4V  and 
Ti-8Al-lMo-lV  in  Fig.  20a,  where  it  is  apparent  that  susceptibility  decreases 
with  decreasing  specimen  thickness.  Thus,  it  tan  be  concluded  that  there  is  a 
critical  specimen  thickness,  tcru , where  SCC  does  not  occur,  as  shown  sche- 
matically in  Fig.  20b.  The  value  of  rm( , can  be  different  for  each  alloy  and  in 
fact  may  not  be  exhibited  if  the  alloy  is  very  susceptible.  For  example,  Ti- 
6A1-4V  with  a very  low  AfjJCC  in  thick  sections  (0.5  in.)  exhibited  the  same  value 
in  thin  sections  (0.01  in.)  (see  p.  300).  Furthermore,  for  an  alloy  that  exhibits  a 
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Fig.  19.  Schematic  of  the  effect  of  notch  acuity  on  fracture  load  in  air  and 
in  aqueous  solutions. 
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thickness  effect,  the  value  of  tLrl,  may  be  changed  by  (a)  prefeired  orientation, 
(b)  loading  rate  of  the  test,  and  (c)  heat  treatment. 

Specimen  Orientation.  It  will  be  shown  in  the  sections  on  metallurgical  vari- 
ables and  stress  corrosion  fracture  that  many  titanium  alloys  fail  by  a cleavage- 
like  process  in  many  environments.  As  such  processes  occur  on  specific  planes,  it 
is  obvious  that  the  average  orientation  of  these  planes  with  respect  to  the  tensile 
axis  will  influence  the  measured  degree  of  susceptibility.  Such  a preferred  orien- 
tation effect  is  most  pronounced  in  the  a and  a+0  alloys  for  which  the  cleavage 
plane  is  about  15°  from  the  basal  plane  [35 J.  In  0 alloys  the  cleavage  plane  is 
[ 1 00 1 , and  thus  the  anisotropy  of  properties  is  normally  less  pronounced. 

After  certain  mechanical  and  thermal  treatment  procedures,  a+p  alloys  in 
sheet  or  plate  form  exhibit  a pronounced  texture  of  the  a phase  in  which  the 
basal  planes  (0001 ) are  aligned  parallel  to  the  rolling  direction  and  normal  to  ihe 
top  and  bottom  surfaces  ot  the  sheet  or  plate.  The  influence  of  specimen  orien- 
tation on  the  SCC  susceptibility  of  a highly  textured  Ti-8Al-lMo-lV  plate  is 
shown  in  Fig.  21  [36] . It  can  be  seen  that  specimens  selected  so  that  the  general 
cracking  plane  is  parallel  to  the  basal  planes  exhibit  the  most  susceptibility 
(curve  C in  Fig.  21 ),  while  specimens  that  have  the  general  cracking  plane  aligned 
normal  to  the  basal  planes  exhibit  much  higher  Af[icc  levels.  In  highly  susceptible 
a+p  alloys  the  influence  of  texture  becomes  less  pronounced  and  SCC  occurs 
irrespective  of  specimen  orientation  [37] . 

The  presence  of  a strongly  preferred  orientation  in  titanium  alloys  is  also 
important  in  stress  corrosion  testing.  For  example,  when  using  the  DCB  speci- 
men, advantage  may  be  taken  of  the  preferred  orientation  to  restrict  the  propa- 
gating subcritical  crack  to  the  general  cracking  plane,  as  in  Fig.  22a.  In  contrast, 
if  preferred  orientation  is  not  considered  when  selecting  a specimen  orientation, 
the  crack  may  deviate  immediately  from  the  general  cracking  plane  and  break 
the  arm  off  the  DCB  specimen,  as  in  Fig.  22b. 

The  thickness  effect  described  in  the  previous  section  may  also  result  from 
the  relationship  between  specimen  orientation  and  texture  in  the  a phase.  It  has 
been  proposed  that  effective  local  plane  strain  conditions  can  still  be  obtained  in 
very  thin  sheet  if  the  specimens  are  selected  so  that  the  individual  a grains,  in 
highly  textured  sheet,  are  unfavorably  oriented  for  slip.  Such  a situation  was 
considered  to  result  in  sufficient  constraint  to  cause  inhibition  of  plane  stress 
conditions  [38] . 

Some  titanium  alloys,  ic„t:d  in  certain  environments,  exhibit  an  intergranular 
fracture  mode.  With  such  alloy-environment  combination.,  unless  there  •'  * 
strongly  preferred  grain  direction  such  as  the  short  transverse  direction  in  alu- 
minum alloys,  no  anisotropy  of  SCC  results  of  the  type  discussed  above  would 
be  ev  nee  ted  in  an  cquiaxed  structure. 

Strain  Rate  Effects.  Loading  procedure  may  influence  markedly  the  results 
from  stress  corrosion  tests  of  precracked  specimens  [39-44J ; for  example,  it  has 
been  reported  that  Kilcc  in  the  alloy  Ti-6A1-4V  could  be  increased  30%  by  de- 
creasing the  rate  of  loading.  This  effect  ofloading  rate  is  strongly  dependent  on 
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(a)  Stress  corrosion  suscep'ibility  as  a function  of  specimen  orientation  in 
T i-8 Al- 1 Mo-1  V 0.5-in.  annealed  plate  Hhrec-point-loaded  notched  Lend 
specimens)  |36| 
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ORIENTATION  OF 
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LONGITUDINAL 
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A- SHORT  TRANSVERSE 
SPECIMEN  (TRI 

(b)  Orientation  of  specimens  in  Ti-8AI-IMo-lV  0 5-in  plate  [ 36 1 
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Fig.  21.  Specimen  orientation  effects. 
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(b)  (0001)  planes  normal  to  general 
cracking  plane 

Pig.  22.  Influence  of  texture  on  crack  propagation  in  DO)  specimens  of  a or  a+0  alloys. 
From  Met.  Tnm.  24J,  p.  1 257,  Fig.  8;  copyright  1969  by  the  American  Society  for  Metals. 
Used  by  permission. 
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alloy  composition  [41] . For  example,  the  effect  appears  be  quite  pronounced 
in  Ti-1 1 .5Mo-67.r-4.5Sn  [45 [ . but  is  less  marked  in  Ti-8Al-IMo-lV. 

A different  aspect  of  test  procedures  has  been  evaluated  in  a number  of  a and 
a+(3  sf.-imens  that  were  either  (a)  loaded  in  air  prior  to  adding  the  3.5%  NaG 
solution,  or  (b)  loaded  in  the  3.5%  NaG  solution  [39|.  It  was  found  'hat  in 
alloys  showing  intermediate  susceptibility,  e.g.,  Ti-6AJ-4V  and  Ti-70A,  higher 
Alsrc  values  were  obtained  by  test  procedure  (a).  In  alloys  which  exhibit  cither  a 
very  low  or  very  high  degree  of  susceptibility,  little  or  no  difference  in  K\scc 
was  observed  between  the  two  test  procedures.  This  type  of  behavior  is  repre- 
sented schematically  in  Fig.  23. 

Preloading  Effects.  Two  aspects  of  preloading  will  be  considered;  first,  the 
influence  of  local  load  application,  and  second,  overall  prior  deformation  of 
material. 

The  intluence  of  cither  fatigue  loading  on  the  nucleation  of  cracks  or  a prior 
monotonic  overload  on  an  existing  crack  is  of  importance  in  testing,  design 
analysis,  and  life  prediction.  It  has  been  shown  that  the  fatigue  precracking 
stress-intensity  level  (Kmax)  has  little  influence  on  the  subsequently  measured 
K\s cc  value  of  this  level  is  low  (about  20  ksi  \/in.).  The  more  important  case 
where  K\scc  is  relatively  high  (60  to  80  ksi  \/5n.)  has  not  been  investigated  at 
this  time.  Monotonic  preloading  to  a level  K\  which  is  greater  than  Kiscc  also  has 
little  influence  on  the  A|jC(.  determined  if  K\scc  is  low.  It  has  been  shown, 
however,  in  material  with  a higher  K\scc  level  that  the  measured  value  is  raised 
by  preloading  above  K\scc,  often  approaching  the  preload  level. 

The  influence  of  prior  cold  work  of  titanium  alloys  on  subsequent  SCC 
behaviors  has  not  been  widely  studied,  as  most  titanium  alloy  mill  products  are 
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Fig.  23.  Schematic  of  the  influence  of  aluminum  content  and 
type  of  loading  on  the  measured  K\xcc  value  1 39,40). 
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delivered  in  the  annealed  or  STA  condition.  The  limited  data  on  the  influence  ot 
cold  work  on  SCC  is  presented  in  the  section  on  metallurgical  variables.  For  a 
alloys  such  as  Ti-70A,  Ai(-  is  lowered  by  cold  work,  and  Kiscc  is  first  lowered 
and  then  raised  by  successively  greater  amounts  of  cold  work.  Data  on  other  a 
and  one  a+0  alloy  .ndicate  that  cold  work  slightly  increases  the  level  [39 J . 

Summary.  It  should  be  emphasized  that  many  of  the  above  observations  on 
mechanical  effects  are  applicable  only  to  neutral  aqueous  solutions  In  other 
environments,  such  as  those  which  cause  region  I crack  growth  behavior,  the 
mechanical  effects  described  above  may  have  only  a minor  influence.  Further- 
more, the  above  discussion  on  mechanical  effects  is  concerned  primarily  with 
changes  in  A|Jfc  values.  Virtually  no  data  are  available  on  the  influence  of  these 
factors  on  crack  propagation  kinetics.  It  is  probable  that  preferred  orientation 
will  modify  crack  growth  behavior. 

Environmental  Variables 

In  this  section  the  many  environments  that  have  been  shown  to  cause  SCC  of 
titanium  alloys  will  be  considered  separately.  Within  each  subsection  an  attempt 
is  made  to  isolate  the  individual  factors  that  operate  in  a specific  environment. 

SCC  in  Aqueous  Solutions.  Some  titanium  alloys  in  certain  heat-treatment 
conditions  are  susceptible  iv  SCC  in  distilled  water.  Examples  are  Ti-8A1- 
lMo-lV  (SC),  Ti-5Al-2.5Sn,  and  Ti-1 1 .5Mo-6Zr-4.5Sn  (STA).  The  SCC  informa- 
tion generated  in  distilled  water  gives  a basis  for  comparing  the  effects  of  con- 
centration and  specificity  of  ions  in  solution. 

Titanium  alloys  do  not  exhibit  region  I type  crack  growth  kinetics  in  neutral 
aqueous  solutions.  Tests  have  been  performed  over  sufficient  time  periods  to 
allow  detection  of  crack  growth  ra'es  of  I O'7  cm/sec,  but  no  such  cracking  was 
observed.  The  slowest  crack  velocity  which  has  been  detected  is  10~6  cm/sec, 
but  in  general  the  cutoff  crack  velocity  is  about  10" 3 cm/sec.  Thus  it  is  con- 
cluded that  in  neutral  aqueous  solutions  a threshold  (/C|j<-c)  exists  below  which 
cracks  will  not  propagate. 

Effect  of  Ion  Additions.  The  halide  anions  Cl",  Br'  and  >'  are  the  only  ions 
that  have  been  shown  to  either  (a)  accelerate  cracking  in  alloys  susceptible  to 
SCC  in  distilled  water  or  (b)  induce  susceptibility  in  alloys  immune  to  SCC  in 
distilled  water.  The  additions  of  other  anions  produce  neither  of  the  above 
effects  and  may  in  some  cases  inhibit  SCC  [43,46] . Examples  of  such  neutral  or 
inhibiting  ions  are  NOj  ‘ , SO4 " , OH' , CrO^ ' , and  PO4  " . The  ability  of  these 
ions  to  inhibit  SCC  depends  on  the  alloy  and  its  heat  treatment  (see  Effect  of 
Concentration,  below). 

The  influence  of  cation  type  in  Cl' , Br' , and  I"  solutions  can  be  divided  on 
the  basis  of  their  position  with  respect  to  titanium  in  the  electromotive  series. 
Cations  less  noble  than  titanium,  e.g.,  Na,  K,  Li,  etc.,  have  no  influence  on  SCC 
behavior.  Cations  more  noble  than  titanium  may  influence  SCC  behavior.  For 
example,  the  X|»cc  in  Ti-8Al-lMo-lV  may  be  raised  by  CuCl2  additions  [47); 
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however,  this  effect  is  strongly  dependent  upon  heat  treatment  in  this  alloy 

l48*:. 

Effect  of  Concentration.  Increasing  the  concentration  of  Cl".  Br  , or  I' 
usually  increases  the  velocity  of  cracking.  The  influence  of  concentration  on 
K\scc  is  more  complex  since  it  is  dependent  upon  the  alloy  and  its  heat  treat- 
ment. In  general  is  lowered  by  increasing  Cl-  concentration,  although  the 

decrease  is  small  in  very  susceptible  alloys. 

In  concentrated  solutions  the  velocity  of  cracking  varies  as  C1  ^ toC’/-  (44, 
49 J,  and  this  exponent  is  independent  of  alloy  type,  heat  treatment,  and  frac- 
ture mode.  The  position  and  extent  of  this  relationship,  however,  are  dependent 
on  such  variables,  and  in  less  concentrated  solutions  the  relationship  between 
crack  velocity  and  concentration  is  more  complicated.  Figure  24a  summarizes 
schematically  the  velocity  dependence  in  aqueous  halide  solutions.  Highly  sus- 
ceptible material  (curve  A)  shows  a velocity  plateau.  Material  with  intermediate 
susceptibility  (curve  B)  exhibits  downward  deviations  of  velocity  at  very  low  ion 
concentrations;  material  with  relatively  low  susceptibility  (curve  C)  is  immune  in 
distilled  water  and  therefore  a discontinuity  is  observed  in  the  concentration 
dependence.  This  behavior  is  also  reflected  in  the  variation  of  K isff  with  con- 
centration, as  shown  schematically  in  Fig.  24b. 

The  addition  of  anions  other  than  Cl",  Br",  and  I"  to  distilled  water  tends  to 
reduce  susceptibility  to  SCC.  The  extent  of  such  reduction  is  again  dependent  on 
the  susceptibility  of  the  material  in  distilled  water.  Considering  the  same  ex- 
ample as  that  used  in  Figs.  24a  and  b,  the  effect  of  other  ion  additions  on  crack 
velocity  is  shown  schematically  in  Fig.  25.  Thus,  in  highly  susceptible  alloys 
(curve  A),  very  high  anion  concentrations  are  necessary  to  reduce  the  velocity  of 
cracking.  In  contrast,  in  materials  that  exhibit  intermediate  susceptibility  in 
distilled  water,  SCC  can  be  prevented  by  relatively  small  additions  of  these  other 
anions  (curve  B). 

Effect  of  Potential.  In  this  section,  only  neutral,  high-conductivity  aqueous 
solutions  containing  Cl",  Br",  or  i"  ions  will  be  treated.  The  effects  of  potential 
must  be  considered  in  practice  as  titanium  alloys  are  often  coupled  to  other 
metals  when  incorporated  into  a structure. 

The  variation  of  cracking  behavior  in  three  solutions  with  potential  for 
duplex-annealed  Ti-8Al-lMo-lV  is  shown  in  Fig.  26  (43,50).  The  following 
points  are  apparent  in  this  figure  and  are  in  general  true  for  all  susceptible  alloys 
studied  to  date: 

• The  crack-initiation  load  reaches  a minimum  at  about  -500  mV  (SCE) 
in  Cl" -containing  solutions. 

• The  open-circuit  potential  of  titanium  alloys  in  3.5%  NaCl  and  seawater 
(about  -800  mV  SCE)  is  slightly  more  negative  than  the  initiation  load  mini- 
mum (-500  mV). 

• A region  of  cathodic  protection  may  exist  at  potentials  more  negative 
than  - 1000  mV.  It  should  be  noted  that  complete  cathodic  protection  appears 
to  be  achievable  only  in  alloys  which  are  immune  in  distilled  water. 
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MOLARITY  OF  HCI 

1 ig.  27.  Variation  of  with  molarity  of  HC1  for  Ti- 

8AI-IM0-IV  [ 30  ] . 

• A region  of  anodic  protection  may  exist  with  Br  and  Cl  solutions, 
especially  the  latter,  but  not  with  ('solutions. 

There  is  an  approximately  linear  relationship  between  potential  and  average 
crack  velocity  (F)  for  solutions  containing  CV,  I",  and  Br~  ions  [48,49]. 

Effect  of  pH.  In  contrast  to  neutral  aqueous  solutions,  titanium  alloys  exhibit 
both  region  I and  region  II  types  of  crack  growth  in  concentrated  (>7  Af) 
halogen  acid  solutions  Thus  in  these  solutions  it  may  not  be  possible  to  define  a 
A|Iff  value.  The  acidity  of  the  solution  influences  the  K\scc  value,  as  can  be 
seen  in  Fig.  27,  which  shows  that  the  value  is  reduced  [30]  at  molarities  above 
about  10~*.  This  is  approximately  the  acidity  reported  at  the  tips  of  growing 
stress  corrosion  cracks  where  the  bulk  corrodent  is  neutral  sodium  chloride. 

In  highly  acidic  solutions,  region  II  crack  propagation  velocity  is  virtually 
independent  of  potential  [40] , and  no  cathodic  protection  is  possible  in  such 
solutions  [44] . 

Little  work  has  been  performed  to  determine  effect  of  alkaline  solutions  on 
either  crack  initiation  or  crack  propagation.  Some  studies  have  indicated  bene- 
ficial effects  of  increasing  alkalinity  [43] ; others  have  failed  to  find  such  effects 

|5I). 

Effect  of  1 ’ mperature . The  critical  stress  intensity  for  crack  initiation  (/f;iCC) 
in  Ti-8Al-lMo-l  V in  neutral  3.5%  NaCI  does  not  vary  with  temperature  [52], 
(In  ler  susceptible  alloys  A|JCC  might  be  lowered  by  increasing  the  temperature 
but  this  does  not  seem  to  have  been  studied.)  The  velocity  of  cracking  in  3.5% 
NaCI  is  strongly  temperature  dependent.  An  Arrhenius  plot  of  the  limiting  crack 
velocity  of  (equivalent  to  either  region  II  or  lia  velocity)  indicates  an  activation 
energy  value  of  Q = 5.6  kcal/mole  [53] . 

SCC  in  Organic  Liquids.  The  failures  of  the  Ti-6AJ-4V  ApoIJo  pressure  vessels 
during  proof  testing  with  dry,  reagent-grade  methanol  stimulated  intensive  re- 
search in  the  late  1960’s  to  investigate  SCC  of  titanium  in  organic  liquids.  Much 
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of  the  background  mtormation  and  major  findings  of  this  research  effort  has 
been  summarized  |54|.  Another  review  summarizes  the  more  recent  work  on 
the  subject  [55 1. 

In  the  following  sections,  the  organic  solvents  are  grouped  as  alcohols,  halo- 
genated  hydrocarbons,  and  miscellaneous  solutions. 

Alcohols.  Two  types  of  S<"C  behavior  in  methanolic  solutions  have  been 
distinguished  on  the  basis  of  failure  mode  [S6.57|  : 

• Intergranular  failure,  which  occurs  in  pure  titanium  and  all  alloys.  Such 
cracking  requires  the  presence  of  halogen,  e.g..  0.4  ppm  Cl'. 

• Transgranular  failure,  which  usually  occurs  in  alloys  also  susceptible  to 
aqueous  SCI'. 

I his  classification  will  serve  as  3 basis  for  discussing  the  variables  which  influence 
SCC  in  methanolic  solutions. 

1 Intergranular  Failure  Mode.  The  first  observation  of  intergranular  attack  in 
titanium  alloys  was  made  using  methanol  plus  bromine  solutions  [58).  Subse- 
quently it  was  demonstrated  that  methanolic  solutions  ontaining  HCI  or  H2SO4 
cause  SCC  in  both  titanium  and  zirconium  [5‘),60[ . Recent  work  has  indicated 
that  several  factors  influence  intergranular  failure,  and  a separation  of  these 
factors  is  attempted  below. 

The  time  to  failure  ol  smooth  specimens  of  commercially  pure  titanium 
(Ti-35A)  can  vary  considerably  with  the  impurity  content  of  methanolic  solu- 
tions 161).  Cracking  occurs  in  this  material  only  when  the  concentration  ex- 
ceeds 10  6 N HCI.  The  water  content  of  methanolic  solutions  influences  time  to 
failure  in  this  and  other  materials.  (See  also  Ref.  60). 

A potential  more  negative  than  -250  mV  (Ag/AgCI)  prevents  cracking  of  CP 
titanium  in  neutral  methanolic  solutions  [62 ) 

2.  Transgranular  Failure  Mode.  Alloys  such  as  Ti-8 Al- 1 Mo-1  V exhibit  a tran- 
sition from  intergranular  cracking  in  region  I to  transgranular  cracking  in  region 

II  in  many  environments.  In  addition  to  the  complex  cracking  behavior  ex- 
hibited by  the  alloy  Ti-8AI-lMo-lV,  the  alloy  Ti-ll.5Mo-6Zr4.5Sn  tails  by 
intergranular  cracking  in  region  II  in  neutral  aqueous  solutions  and  also  in 
methanol  Kl  solutions  |63|.  Thus,  it  is  perhaps  useful  to  classify  the  cracking 
behavior  of  alloys  on  the  basis  of  the  stress  dependence  of  cracking  rate. 

Little  work  has  been  performed  on  the  influence  of  the  degree  of  methanol 
purity  on  region  II  type  growth.  However,  it  has  been  established  that  the 
inhibiting  effect  of  water  additions  on  SCC  initiation  will  not  be  observed  if  the 
aiioy  is  susceptible  10  SCC  in  distilled  water. 

In  general,  additions  of  Cl,  Br,  and  1 increase  the  rate  of  region  II  cracking, 
again  independent  of  the  form  in  which  they  are  added.  Other  additions,  such  as 
NOj  and  SO4  , appear  to  prevent  cracking  [50] . Howeve.,  insufficient  work  has 
been  performed  to  demonstrate  the  extent  or  generality  of  these  effects. 

Several  workers  have  demonstrated  that  cracking  can  be  prevented  in  neutral 
methanolic  solutions  by  applied  potentials  of  - 1000  to  - 1500  mV  (SCE).  The 
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velocity  of  region  II  cracking  is  accelerated  by  anodic  potentials,  and  the  range 
of  A'  over  which  rapid  cracking  occurs  is  extended  by  such  potentials. 

it  is  generally  agreed  that  increasing  the  temperature  of  methanolic  solutions 
also  increases  the  velocity  of  cracking,  an  activation  energy  of  about  5 kcals / 
mole  having  been  measured  (64 1 . 

No  investigations  have  been  performed  on  pure  titanium  in  anhydrous  alco- 
hols. However,  cracking  occurs  in  smooth  specimens  of  Ti-bAI-lMo-l  V and  Ti- 
6A1-4V  in  anhydrous  ethanol  (65,66).  Cracking  in  ethylene  glycol  was  also 
observed  in  the  Ti-8AI-lMo-l  V alloy,  but  not  in  the  Ti-6AI-4V  alloy  [66] . 

The  SCC  behavior  of  Ti-8Al-lMo-l  V in  a number  of  alcohols  is  summarized 
in  Fig.  2K.  It  can  be  seen  that  the  methanol  and  ethylene  glycol  produce  very 
low  values  of  A'|.((.  Increasing  the  chain  length  of  the  alcohols  to  four  carbon 
atoms  increases  A[J<t  to  40  ksi  \/m.,  above  which  K\scc  remains  constant.  In 
addition,  it  was  shown  that  A'|JCC  was  not  sensitive  to  the  type  (primary,  second- 
ary, etc.)  of  alcohol  (67). 

Halogenated  Hydrocarbons.  SCC  testing  in  haiogenated  hydrocarbons  appears 
to  have  been  conducted  only  on  alloys.  Cracking  has  been  detected  in  carbon 
tetrachloride,  methylene  chloride,  methylene  iodide,  trtchlorethylene,  trichloro- 
fluoromethane,  trichlorotrifluoroethane,  and  octafluorocyclobutane.  There  is  no 
evidence  in  the  literature  that  pure  titanium  is  susceptible  to  SCC  in  any  of  these 
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f ig.  28.  Apparent  threshold  stress  intensity  < AC i_ JCC  in  360  min)  for  T1-8AHM0-IV  tested 
in  alcohols  with  increasing  number  of  carbon  atoms.  (A///  refers  to  a threshold  for  slow 
crack  growth  in  an  inert  environment,  perhaps  caused  by  internal  hydrogen)  |67).  From 
Proceedings  of  Conference  on  Fundamental  Aspects  of  Stress  Corrosion  Cracking,  1969, 
p,  687,  Fig,  1;  copyright  by  the  National  Association  of  Corrosion  Engineers.  Used  by 
permission. 


x r - 


292 


TITANIUM  ALLOYS 


organic  liquids.  Further,  in  some  cases  a notch  or  precrack  is  required  for  SCC  to 
occur. 

Carbon  Tetrachloride  ( CCI 4).  The  first  reports  of  cracking  on  CCI4  noted  that 
Ti-8Al-lMo-l  V exhibited  a cracking  behavior  similar  to  that  observed  in  3.5% 
NaCI  solution  [50,68 j.  Subsequently,  V-K  relationships  were  established  for 
Ti-8AMMo-lV  (64).  These  results  showed  that  (a)  the  region  II  cracking  rate  in 
pure  CCI4  is  almost  two  orders  of  magnitude  faster  than  in  pure  methanol  and 
almost  an  order  of  magnitude  faster  than  in  distilled  water;  and  (b)  the  apparent 
region  I type  growth  does  not  continue  below  10'6  cm/sec  and  thus  a Xtjcc  can 
be  defined  for  Ti-8Al-lMo-I  V in  this  environment.  It  should  be  noted  that  the 
K\scc  value  of  this  alloy  in  CCI4  is  similai  to  the  value  observed  in  3.5%  NaCI 
solution. 

Freons.  Freon  is  a DuPont  registered  trade  name  for  fluorinated  hydro- 
carbons. The  common  varieties  are  Freon  TF  (C2CI3F3).  Freon  MF  (CCI3F), 
and  Freon  C318  (C4F8).  Most  investigations  on  these  solvents  have  been  con- 
cerned with  determining  A(Jcf  thresholds.  Table  4 summarizes  the  results  of 
several  investigators.  From  this  table  of  approximate  values,  it  is  obvious  that 
rather  variable  behavior  has  been  observed,  which  in  some  cases  may  be  due  to 
the  short  testing  times.  In  general,  alloys  appear  to  be  less  susceptible  in  the  TF 
grade  of  freon. 

Additions  of  chlorine  do  not  reduce  K\scc  values  for  Ti-6A)4V  from  those 
obtained  in  pure  grades  of  freon. 

From  the  kinetics  of  subcritical  crack  growth  of  Ti-6A1-4V  in  Freon  TF,  an 


apparent  region  l is  observed,  and  therefore  very  slow  crack  growth  may  occur 
below  K values  normally  listed  as  threshold  levels  [72] . 

Table  4.  Variation  of  K\scc  in  Several  Grades  of  Freons 

Grade 

Alloy 

Heat 

Treatment 

K\c. 
ksi  \Jlh. 

K\SCC. 
ksi  sftfi 

Ref. 

TF 

Ti-6A1-4V 

STA 

50 

50 

69 

TF 

Ti-6A1-4V 

STA 

40 

33 

70 

TF 

Ti-6A14V 

MA 

59 

52 

69 

TF 

Ti-5Al-2.5Sn 

MA 

67 

30 

69 

TF 

Ti-8Al-lMo-lV 

STA 

80 

44 

69 

TF 

T1-8AI-IM0-IV 

MA 

30 

<23 

69 

MF 

Ti-6A14V 

STA 

40 

23 

71 

MF 

T1-6A14V 

MA 

59 

<25 

69 

MF 

Ti-5Al-2.5Sn 

MA 

67 

23 

69 

MF 

Ti-8AI-lMo.1V 

MA 

30 

23 

69 

C3I8 

Ti-SAl-2.5Sn 

MA 

67 

<49 

69 
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Other  Halogenated  Organics.  Ti-8Al-iMo-lV  heat  treated  to  a rather  low 
toughness  level  exhibited  a small  degree  of  susceptibility  (K)SCc/K\c  = 25/40  = 
0.63)  when  tested  in  trichlorethylene  (69] . 

Two  alloys,  Ti-8AI-lMo-lV  and  Ti-5Al-2.5Sn,  have  been  shown  to  exhibit  a 
small  degree  of  SCC  susceptibility  in  inhibited  trichlorethylene.  However,  "li- 
5Al-2.5Sn  showed  a larger  degree  of  susceptibility  (K\scc/K\c  = 28/70  = 0.4)  in 
the  uninhibited  solvent  [69] . 

Cracking  of  Ti-8Al-lMo-l  V has  also  been  observed  in  methylene  chloride  and 
in  methylene  iodide  [50], 

Miscellaneous  Solutions.  K\scc  values  have  been  reported  for  Ti-8Al-lMo-l V 
and  1-oA14V  in  various  other  organic  solvents.  Examples  are  shown  for  Ti- 
6A14V  in  Table  5 below  [71  ]. 


Table  5.  The  Variation  of  K{scc  of  Ti-6A14V 
Tested  in  Two  Solvents 


Environment 

Heat 

Treatment 

Kic. 
ksi  sfm. 

^lirc. 
ksi  \fm. 

Temperature  (°F) 

Monomethylhydrazine 

STA 

40 

33 

80 

Monomethylhydrazine 

STA 

40 

30 

105 

Acrozenc  50 

STA 

40 

34 

70 

Aerozene  50 

STA 

40 

32 

85 

The  SCC  behavior  of  Ti-8Al-lMo-lV  in  a series  of  alkanes  is  shown  in  Fig.  29 
It  can  be  seen  that  K\scc  is  independent  of  both  the  chain  length  of  the  alkane 
and  its  state  (i.e.,  whether  gas  or  liquid). 

SCC  in  Hot  Salts.  In  the  late  1950’s  considerable  consternation  was  caused  by 
the  premature  failure  of  a titanium  alloy  during  creep  testing.  This  failure  was 
traced  to  cracking  caused  by  small  amounts  of  NaCl  originating  from  fingerprints 
or  the  specimen.  Many  laboratory  investigations  were  conducted  after  this 
observation,  and  it  has  been  clearly  demonstrated  that  SCC  can  occur  in  many 
titanium  alloys  stressed  in  contact  with  certain  salts  at  elevated  temperatures.  It 
should  be  noted,  however,  that  no  service  failures  attributed  to  hot  salt  SCC 
have  been  reported. 

The  most  comprehensive  data  compilation  on  hot  salt  SCC  can  be  found  in  a 
review  [6]  and  a symposium  (7).  Some  of  the  salient  points  from  these  and 
other  sources  are  listed  below. 

1.  Various  test  techniques  have  been  used  to  evaluate  susceptibilit  / of  ti- 
tanium alloys  to  hot  salt  cracking.  The  most  common  are  the  following: 
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Fig.  29.  Apparent  threshold  stress  intensity  (Kiscc  in  360  min)  for  T1-8AI-IM0-IV  tested 
in  normal  alkanes  with  increasing  number  of  carbon  atoms  [67).  From  Proceedings  of 
Conference  on  Fundamental  Aspects  of  Stress  Corrosion  Cracking,  1969.  p.  686,  Fig.  6; 
copyright  by  the  National  Association  of  Corrosion  Engineers.  Used  by  permission. 

a.  Evaluation  of  tensile  properties  at  elevated  temperatures  and  at  room 
temperature  after  exposure.  Apparently  the  presence  of  a precrack  does  not  in- 
fluence hot  'alt  cracking. 

b.  Evaluation  of  bend  properties  in  which  there  are  two  general  types. 
First,  self-stressed  specimens  arc  heated  to  the  required  temperature,  exposed  for 
various  times,  then  cooled  and  tested  in  compression  at  room  temperature.  Sec- 
ond, sheet  specimens  are  externally  loaded  at  the  exposure  temperature  and  the 
following  properties  determined: 

• Time  for  first  visual  observation  of  cracking  and/or  time  to  failure. 

• Properties  of  specimens  machined  from  the  exposed  sheet  and  tested  at 
room  temperature. 

It  should  be  noted  that  exposed  specimens  may  be  completely  or  partially 
coated  with  salt,  and  that  another  test  variable  is  the  method  of  applying  the  salt 
coating.  The  reader  is  referred  to  Ref.  7 for  typical  examples.  It  is  not  surprising 
from  the  variability  of  test  techniques,  the  method  of  application  of  salt  coat- 
ings, and  the  possible  differences  in  exposure  conditions,  that  a large  degree  of 
scatter  is  observed  in  the  results. 

2.  Cl',  Br'.  and  V salts  have  been  shown  to  cause  hot  salt  cracking  (73), 
while  F"  salts  (75)  and  hydroxides  do  not.  The  severity  of  attack  has  been 
correlated  with  the  cation  type  of  Cl~  salts,  as  follows:  MgCl2  (least  severe), 
<SrCl2  CCsCl  <CaCl2  <KU  <BaCI2  <NaCl  <UC1  (most  severe)  (75] . 

3.  The  role  of  water  in  hot  salt  cracking  is  not  well  established.  Most  workers 
have  concluded  that  water  is  essential  for  cracking  to  occur  [33,76,77] . Some 
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results  indical'1  that  water  accelerates  cracking  but  ma>  not  be  essential  to  the 
overall  degradation  ot  properties  (75  j.  There  is  also  evidence  that  excess  water 
can  retard  cracking  |7<i|. 

4.  The  eltec.  xygen  on  hot  salt  cracking  is  even  less  well  established  than 
that  of  water.  Most  workers  have  studied  the  effect  of  oxygen  pressure  by 
reducing  the  overall  pressure  of  the  system.  It  has  been  shown  that  reducing  the 
pressure  to  10  microns  eliminated  cracking  in  Ti-5AI-2.5Sn  [33],  and  a similar 
reduction  in  susceptibility  under  reduced  pressure  has  been  observed  in  Ti-8A1- 
IMo-lV  |78j.  It  is  possible,  however,  that  such  reductions  in  overall  pressure 
lower  both  the  moisture  and  oxygen  content  of  the  system,  and  thus  the  results 
could  be  regarded  as  ambiguous. 

5.  In  general,  increases  of  both  stress  and  temperature  increase  hot  salt  crack- 
ing. The  kinetics  of  hot  salt  cracking  have  not  been  established  due  to  experi- 
mental difficulties. 

Several  workers  have  reported  that  titanium  alloys  suffer  a degradation  of 
room-temperature  mechanical  properties  after  high-temperature  exposure  in 
NaCl.  Despite  a lack  of  evidence  of  cracking  in  Ti-8Mn  during  high-temperature 
exposure,  tensile  specimens  cracked  on  subsequent  straining  at  room  tempera- 
ture [79] . Smooth  tensile  specimens  of  Ti-8Al-lMo-lV  exposed  to  hot  salt  condi- 
tions (100  hr  at  850°F  at  a = 50  ksi)  were  tested  at  room  temperature.  There 
was  a dramatic  reduction  in  percent  elongation  if  the  specimens  were  tested  at 
slow  strain  rates  as  shown  in  Fig.  30a  but  the  effect  occurs  only  below  approxi- 
mately 200° F (Fig.  30b). 

6.  Unalloyed  titanium  is  not  susceptible  to  hot  salt  stress  corrosion  cracking, 
but  all  alloys  exhibit  some  degree  of  susceptibility.  A rating  of  alloy  suscepti- 
bility has  been  made  [81],  The  highly  susceptible  alloys  are  Ti-5Al-2.5Sn, 
Ti-7A)-12Zr,  Ti-5Al-5Sn-5Zr,  Ti-8Al-lMo-l V,  and  Ti-8Mn.  The  intermediately 
susceptible  alloys  are  Ti-5Al-5Sn-5Zr-lMo-l  V,  Ti-6A1-4V,  Ti-6Al-6V-2Sn,  Ti-5A1- 
2.75Cr-l  ,25Fe,  and  Ti-3Al-13V-l  ICr.  The  most  resistant  alloys  are  Ti-4AI- 
3Mo-lV,  Ti-2.25Al-lMo-l  lSn-5Zr-0.25Si,  and  Ti-2Al-4Mo-4Zr.  Not  all  workers 
may  agree  with  this  classification.  It  has  also  been  reported  recently  that  some  of 
the  (5  alloys,  such  as  Ti-ll.5Mo-6Zr4.5Sn  and  Ti-8Mo-8V-3Mo-2Fe,  are  rela- 
tively resistant  to  hot  salt  SCC  [82 J. 

Surface  treatments  that  inhibit  hot  salt  cracking  arc  described  in  section  5.6. 

SCC  in  Nitrogen  Tetroxide.  Nitrogen  tetroxide  (N2O4)  is  an  oxidizer  used 
with  hydrazine  rocket  fuels  in  space  and  missile  applications.  Early  studies  of  the 
behavior  of  titanium  and  its  alloys  in  N2O4  indicated  that  no  corrosion  prob- 
lems were  to  be  expected.  In  1964,  however,  a Ti-6A14V  pressure  vessel  con- 
taining a high-purity  grade  of  N2O4  failed  during  proof  testing  [3].  This  unex- 
pected failure  once  again  stimulated  a number  of  research  projects.  The  results 
of  these  early  studies  are  summarized  in  Ref.  83,  and  the  major  conclusion  was 
that  cracking  occurred  in  red  N2O4  but  not  in  green  N2O4.  Typical  composi- 
tions of  these  two  varieties  are  shown  in  Table  6 [84) . 
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(b)  Test  temperatute  at  various  crosshead  speeds 


Fig.  30.  Variation  of  tensile  ductility  of  Ti-8Al'lMo-l  V alloy  specimens  after  exposure  at 
80(f  F for  100  hr  at  50,000  psi  in  NaCl  (80).  From  Corrosion  25,  p.  339,  Fig.  5,  and  p. 
340,  Fig.  7;  copyright  1969  by  the  National  Association  of  Corrosion  Engineers.  Used  by 
permission. 


Tabic  6.  Typical  Composition  of  Two  Grades  of  Nitrogen  Tetroxide 


Component 

RedNiO*, 

% 

Green  A’2(?4, 
% 

n2o4 

99.99 

99.26 

NO  (Lab.  A) 

- 

0.81-0.86 

NO  (Lab,  B) 

- 

0.72 

h2o 

0.05 

0.05 

Cl  as  NOC1 

0.001 

0.001 

co2 

0.028 

0.045 

Oxygen 

0.006 

0.002 

Particulates  (mg/litcr) 

2.3 

3.1 
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The  essential  difference  is  tnat  no  nitric  oxide  (NO)  is  present  in  red  N2O4. 
Furthermore,  it  contains  a higher  free  oxygen  content. 

Early  work  established  that  the  incidence  of  SCC  was  increased  when  higher 
purity  (red)  N2O4  was  substituted  for  the  lower  purity  (green)  N2O4.  Thus, 
susceptibility  can  be  eliminated  in  red  N2O4  by  the  addition  of  NO  or  FI2O.  The 
latter  addition  essentially  increases  the  amount  of  NO  and  eliminates  free 
oxygen.  Green  N2O4  will  promote  cracking  if  pressurized  with  oxygen;  such 
pressurization  essentially  converts  green  N2O4  to  red  N2O4.  The  addition  of 
NOC1  to  green  N2O4  does  not  cause  cracking  of  titanium  alloys. 

Only  a limited  amount  of  work  has  been  performed  on  the  influence  of 
temperature  or.  cracking  in  N2O4.  Such  evidence  as  is  available  shows  that  the 
time  to  failure  of  smooth  specimens  [85]  and  the  K\scc  [86]  decrease  with 
increasing  temperature. 

SCC  in  Red  Fuming  Nitric  Acid.  In  the  early  1950’s  it  was  found  that  ti- 
tanium and  its  alloys  underwent  a pyrophoric  reaction  in  red  fuming  nitric  acid 
(RFNA).  The  SCC  studies  in  this  medium  up  to  1957  are  summarized  in  Ref.  1. 
As  little  work  appears  to  have  been  conducted  after  this  period,  only  a brief 
synopsis  of  the  important  features  of  the  phenomenon  will  be  given. 

Commercially  pure  (CP)  titanium  and  all  alloys  tested  to  date  crack  in  RFNA 
containing  20%  NOj.  Reducing  the  NO2  content  to  none,  eliminates  the  sus- 
ceptibility of  CP  titanium,  but  not  that  of  the  alloys  Ti-8Mn  and  Ti-6A1-4V.  The 
addition  of  2%  water  eliminates  susceptibility  in  all  alloys.  The  military  specifi- 
cation for  RFNA  is  82  to  85%  HNO3,  14%  N02,  and  2.5%  H20. 

Most  kinetic  studies  in  RFNA  have  been  concerned  with  general  corrosion 
rather  than  stress  corrosion.  Thus,  there  is  only  a small  amount  of  data  on  the 
rates  of  cracking  in  this  environment.  Furthermore,  there  are  apparently  no 
quantitative  data  on  the  influence  of  stress,  although  the  observations  of  crack- 
ing near  sheared  edges  of  sheet  materials  indicate  an  effect. 

SCC  in  Molten  Salts.  Molten  salts  are  used  or  may  be  used  in  heat-treating 
baths,  fast  breeder  reactors,  descaling  baths,  and  battery  research.  Thus,  if  ti- 
tanium is  under  consideration  for  use  in  or  treatment  in  such  environments,  a 
knowledge  of  its  SCC  behavior  is  essential.  From  a more  fundamental  stand- 
point, studies  of  SCC  in  molten  salts  may  bridge  the  gap  between  hot  salt 
cracking  and  aqueous  SCC. 

Ti-8Al-lMo-lV  is  apparently  the  only  alloy  to  have  been  tested  in  molten 
salts,  in  a LiCl  + XC1  eutectic  mixture,  smooth  tensile  specimens  loaded  to  a 
stress  level  of  10  ksi  failed  in  about  1 hr.  However,  if  specimens  wete  made 
cathodic,  then  the  failure  time  doubled  [75]. 

Subsequently  it  has  been  shown  that  both  region  I and  region  II  behavior  are 
exhibited  by  Ti-8Al-lMo-lV  tested  in  molten  LiG-KCl  eutectic  at  375°C 
(706°F).  The  Kucc  value  (if  such  a threshold  exists  in  this  environment)  is  <9 
ksi  \/in.  under  these  conditions  [87], 

Cracking  has  also  been  shown  to  occur  in  two  other  moiten  inorganic  salts. 
No  cracking  of  Ti-8Al-lMo-lV  has  been  observed  in  pure  molten  nitrates,  but 
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additions  of  Cl',  Br~,  and  1"  caused  cracking.  In  contrast,  additions  of  F", 
which  can  only  be  added  in  small  concentrations,  did  not  cause  cracking. 
Limited  work  on  molten  hydroxides  containing  Cl"  or  I*  has  shown  that  crack 
propagation  can  occur  in  Ti-8Al-lMo-l  V.  The  rate  of  cracking,  however,  is  con- 
siderably slower  than  in  nitrate  salts  containing  equivalent  concentrations  of 
halide  ions  [87] . 

Cracking  by  Liquid  and  Solid  Metals.  Titanium  and  its  alloys  can  be  cracked 
by  several  liquid  metals.  The  first  liquid  metal  cracking  problem  in  service  was 
file  reported  cracking  of  Ti4Ai4Mn  compressor  disks  in  the  XJS4  engine  [2]. 
Such  cracking  originated  from  cadmium-plated  bolts  attached  to  the  component. 

The  general-corrosion  and  stress-corrosion  behavior  of  titanium  alloys  in 
liquid  metals  was  summarized  in  Ref.  83.  At  that  time  it  had  been  demonstrated 
that  cracking  could  be  induced  by  silver  braze  alloys  and  mercury.  Certain  other 
liquid  metals  also  degraded  the  properties  of  titanium,  including  cesium  and 
gallium.  However,  in  many  cases  such  pioblems  arise  from  general  corrosion 
rather  than  stress  corrosion. 

The  metals  that  are  known  to  cause  cracking  in  titanium  and  its  alloys  are 
discussed  below. 

Cadmium.  The  titanium  alloys  known  to  be  susceptible  to  cracking  in  liquid 
cadmium  are  Ti4AI4Mn,  Ti-8Mn,  Ti-13V-l  lCr-3Al,  and  Ti-50A. 

Cadmium-plated,  smooth  tensile  specimens  suffered  dramatic  reductions  in 
percent  elongation  and  some  reduction  in  ultimate  tensile  strength  in  the 
temperature  range  620°  to  750°F  [88].  It  was  postulated  that  the  critical  stage 
was  the  penetration  of  the  titanium  oxide  by  the  liquid  cadmium.  Tests  were 
conducted  on  smooth  tensile  specimens  of  T1-50A  in  liquid  cadmium,  and  the 
variations  of  the  strain  at  fracture  with  temperature  and  strain  rate  were 
measured  [89],  A strain-rate-dependent  brittleness  occurs  similar  to  that  found 
in  other  systems  [90] . 

Cracking  has  been  observed  in  Ti-8AI-lMo-l  V and  Ti-6A14V  in  the  tempera- 
ture range  100°  to  600°F  and  therefore  has  been  designated  solid  cadmium 
embrittlement  [91].  Necessary  conditions  for  failure  were  considered  to  be 
intimate  contact  of  the  cadmium  with  the  base  metal  and  an  applied  tensile 
stress.  It  was  also  proposed  that  the  titanium  alloy  must  plastically  deform, 
although  this  condition  has  not  yet  been  conclusively  demonstrated. 

Mercury.  The  following  titanium  alloys  are  known  to  be  cracked  by  liquid 
mercury  [92,93]:  Ti-75A,  Ti-13V-l  lCr-3Al,  Ti-6A14V,  Ti-8Al-lMo-lV,  and 
Ti-8Mn.  Most  of  the  published  information  on  this  subject  is  based  on  observa- 
tions of  crack  initiation  on  bend  specimens.  In  recent  work  V-K  relationships 
were  established  for  Ti-8Al-lMo-l  V.  Both  regions  1 and  II  may  be  exhibited,  and 
the  range  of  velocity  is  extremely  large,  the  region  II  plateau  velocity  of  the 
step-cooled  (SC)  condition  being  greater  than  10  cm/sec  |64],  The  threshold 
levels  were  < W ksi  i/im  and  dependent  upon  heat  treatment  condition. 

Silver.  As  with  cadmium  embrittlement  of  titanium  alloys,  problems  with 
silver-plated  components  were  first  encountered  in  a compressor  stage  of  a jet 
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engine  and  arose  t>om  a silver-plated  steel  bolt  in  contact  with  a Ti-7A14Mo 
compressor  disk.  The  failure  of  tire  disk  was  attributed  to  the  formation  of  AgCI 
and  its  interaction  with  the  titanium,  in  later  experiments,  it  was  shown  that 
AgCI  is  a more  aggressive  stress  corrosion  agent  than  pure  silver  or,  in  fact,  NaCl. 
Pure  silver  and  silver  braze  alloys  cause  cracking  of  titanium  alloys  such  as 
Ti-iiAl-IMo-lV,  Ti-7A14Mo,  and  Ti-5Al-2.5Sn.  The  test  temperatures  above 
which  cracking  by  silver  has  been  observed  were  343cC  (650°F)  for  the  silver 
braze  alloy  and  469°C  (875°F)  for  pure  silver.  Since  both  these  temperatures  are 
well  below  the  melting  points  of  both  the  materials,  these  observations  are 
thought  to  be  additional  examples  of  solid  metal  embrittlement  [94,95] 

Zinc.  Limited  data  indicate  that  titanium  alloys  can  be  cracked  by  solid  zinc 
under  the  same  conditions  as  those  found  for  solid  cadmium  cracking  [38] . 

SCC  in  Gaseous  Environments.  A number  of  technologically  important  ele- 
ments and  compounds  in  gaseous  or  vapor  form  have  been  found  to  give  rise  to 
SCC  in  titanium  alloys,  as  summarized  below. 

Chlorine  Gas.  Ti-8Al-lMo-lV  will  crack  in  moist  chlorine  at  288°C  (S50°F) 
[96],  and  cracking  can  occur  in  many  binary  titanium  alloys  exposed  to  moist 
chlorine  a'  427°C  (800°F  j [97] . 

Hydrogen  Chloride  Gas.  The  time  for  crack  initiation  in  U-bend  specimens  of 
Ti-8Al-lMo-lV  in  HC1  gas  decreased  with  increasing  test  temperature  for  a con- 
stant pressure  of  HC1  gas  of  one  atmosphere.  Additions  of  about  5 to  6 mole  % 
water  to  the  system  increased  the  time  for  crack  initiation  by  a factor  of  ap- 
proximately two.  Cracks  formed  in  HC1  are  similar  to  those  which  occur  in  hot 
salt  [98], 

Hydrogen.  One  of  the  first  titanium  hardware  problems  involving  hydrogen 
was  the  failure  of  titanium  fittings  in  a liquid  hydrogen  storage  tank.  Failure  was 
attributed  to  the  reaction  between  titanium  and  hydrogen  gas  formed  during 
temperature  cycling.  It  was  proposed  that  the  fittings  perforated  by  the  forma- 
tion and  subsequent  spalling  of  titanium  hydrides  [99],  The  reaction  between 
hydrogen  and  titanium  metal  and  some  alloys  was  strongly  dependent  upon  the 
purity  of  the  hydrogen  and  the  nature  of  the  metal  or  alloy  surface  [100] . Other 
factors  that  influenced  hydrogen  pickup  were  hydrogen  pressure,  time,  tempera- 
ture, and  alloy  composition.  Microstructural  analysis  showed  that  hydrogen 
pickup  was  relatively  uniform,  i.e.,  layers  of  hydride  were  formed  at  the  surface 
and  penetrated  inward.  One  Ti-6A1-4V  specimen  showed  extensive  pitting  after 
exposure  to  hydrogen  only  when  stressed.  The  stress  in  this  one  example  acted 
to  assist  the  spalling  of  the  hydride  layers,  thus  allowing  further  reaction. 

More  recently,  the  reaction  of  gaseous  hydrogen  with  a series  of  metals  and 
alloys,  including  titanium,  has  been  studied  [101],  Most  of  the  data  from  these 
studies  were  unpublished,  but  the  following  is  a summary  of  the  most  pertinent 
results  [102-104] : 

• Hydrogen  gas  can  cause  slow  crack  growth  in  titanium  alloys,  e.g.,  CP 
titanium,  Ti-6A1-4V,  and  Ti-5Al-2.5Sn. 

• The  fracture  surfaces  show  many  similarities  to  aqueous  SCC  failures. 
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• No  hydride  has  been  detected  on  the  fracture  surfaces.  (There  is,  however, 
some  controversy  on  this  point.) 

• The  maximum  degrading  influence  of  hydrogen  is  observed  at  0°C  (32°F) 
m Ti-6A1-4V,  and  its  influence  decreases  as  the  temperature  is  either  raised  or 
lowered. 

• The  maximum  degrading  influence  of  hydrogen  occurred  in  materials  with 
an  acicular  structure. 

• Velocity  of  cracking  < 10" 3 cm/sec  has  been  observed. 

From  these  results  there  appear  to  be  some  similarities  between  SCC  in 
liquids  and  in  hydrogen  gas.  However,  some  of  the  compositional  and  micro- 
structural  effects  appear  to  be  different;  therefore,  any  direct  comparisons  must 
await  the  publication  of  the  details  of  these  studies. 

Methanol  Vapor.  Methanol  vapor  has  been  reported  to  promote  SCC  in  Ti- 
8AI-IM0-IV  [105],  Embrittlement  occurred  in  both  pure  titanium  and  Ti-5A1- 
2.5Sn  in  the  presence  of  methanol  vapor  without  an  applied  stress.  No  cracks 
were  observed  during  or  after  exposure,  and  the  embrittlement  was  detected  on 
later  tensile  testing.  Fracture  in  embrittled  regions  of  .pecimens  was  inter- 
granular. The  embrittlement  could  be  removed  by  vacuum  annealing  (106). 

In  comparing  the  behavior  of  U-bend  specimens  of  pure  titanium  and  Ti-8A1- 
IMo-lV  in  methanol  liquid  and  methanol  vapor,  it  was  found  that  methanol 
vapor  was  the  more  aggressive  environment,  the  time  to  failure  in  methanol  vapor 
was  inversely  proportional  to  the  volume  of  the  closed  system,  and  the  suscepti- 
bility to  methanol  vapor  was  inhibited  by  ammonia  or  water. 

Humid  Air  (>50%  RHj.  Crack  propagation  has  been  observed  in  laboratory 
air,  in  very  susceptible  alloys,  but  there  have  been  no  systematic  investigations  in 
which  crack  growth  rate  has  been  measured  in  air  of  varying  humidity. 

Metallurgical  Variables 

In  the  previous  section  it  was  shown  that  cracking  can  occur  in  titanium 
alloys  exposed  to  a wide  variety  of  environments.  Pae  essential  question  for  the 
user  of  titanium  alloys  is  what  can  be  done  about  a potential  SCC  problem.  In 
some  systems  the  problem  can  be  controlled  by  relatively  simple  environmental 
modification  (e.g.,  N2O4 ),  or  exclusion  of  the  environment  (e.g.,  cadmium, 
mercury).  However,  in  other  environments,  which  include  the  most  important 
case  of  aqueous  solutions,  control  is  preferably  exercised  by  metallurgical 
methods.  Therefore  in  this  section  we  shall  concentrate  on  the  behavior  of 
titanium  alloys  in  aqueous  solutions,  specifically  in  seawater  or  solutions  with  an 
equivalent  chloride  concentration. 

The  section  is  divided  into  three  parts.  The  first  part  describes  in  general 
terms  the  factors  which  have  been  shown  to  influence  the  SCC  susceptibility  of 
titanium  alloys.  The  second  part  then  takes  the  more  important  commercial 
alloys  and  gives  a more  detailed  description  of  their  SCC  behavior.  (One  problem 
inherent  in  such  an  analysis  is  the  very  large  degree  of  scatter  in  results  observed 
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in  one  material.  In  order  to  reduce  such  scatter  to  a reasonable  level,  a detailed 
knowledge  of  the  factors  which  influence  susceptibility  withir.  a given  alloy  is 
required.  Armed  with  such  knowledge,  it  should  be  possible  to  eliminate  or 
minimize  SCC  susceptibility  by  tight  control  of  composition,  melting,  process- 
ing, fabrication,  and  assembly.)  The  final  section  deals  with  some  trends  in  alloy 
development  and  indicates  the  authors'  though'  on  how  titanium  alloys  might 
be  further  improved. 


Generalized  Description 

Alpha  Alloys.  The  critical  factor  in  determining  susceptibility  of  an  a alloy  to 
aqueous  SCC  is  the  composition  of  this  phase.  Second-order  parameters  include 
phase  structure,  texture,  and  grain  size.  The  most  important  elements  that  in- 
duce SCC  susceptibility  of  the  a phase  are  aluminum  and  oxygen.  Other  ele- 
ments, such  as  tin,  have  an  additive  effect  to  these  elements  but  are  not  usually 
present  in  sufficient  quantity  in  commercial  alloys  to  exert  a separate  influence. 

It  has  been  established  that  a critical  aluminum  content  (about  5%)  must  be 
exceeded  for  SCC  to  occur  in  aqueous  solutions  [30,107],  This  critical  com- 
position is  approximately  the  same  for  the  transition  from  intergranular  to  trans- 
granular  cracking  in  methanolic  solutions  [44,57,108],  The  influence  of  alumi- 
num content  on  K\scc  is  shown  in  Fig.  31.  At  the  higher  aluminum  contents  07 
(.T13  Al)  can  precipitate  during  low-temperature  aging,  which  both  lowers  Kiscc 
and  increases  the  velocity  of  cracking.  There  is  limited  information  on  the  in- 
fluence of  volume  fraction  and  particle  size  of  the  «2  phase  on  SCC  suscepti- 
bility. From  the  few  results  available,  it  can  be  concluded  that  the  lower  the 
aging  temperature  (which  increases  the  volume  fraction  of  0.2 ) the  lower  the 
K\scc  and  the  higher  the  velocity  of  SCC.  Recovery  of  stress  corrosion  properties 
occurs  at  aging  times  approaching  500  hr  at  650°C  (1200°F)  in  a Ti-7A1  alloy 
[109], 

Studies  ot  the  SCC  behavior  of  binary  Ti-0  alloys  have  shown  that  suscepti- 
bility occurred  at  oxygen  contents  between  0.2  and  0.4%  [110].  Similar  results 
have  been  obtained  on  various  grades  of  CP  titanium,  for  example  Ti-50A  (0.12, 
O2)  exhibits  a K\c  and  Kiscc  of  approximately  60  ksi  \/in„  whereas  Ti-70A 
(0.38,  O2)  with  a K\c  of  100  ksi  v/in.  can  have  a K\tcc  as  low  as  30  ksi  \An 
[39], 

It  has  been  reported  that  aluminum  and  oxygen  have  additive  effects  on 
susceptibility  to  SCC,  although  this  conclusion  was  based  on  results  from 
(a+0)-phase  alloys  [110]. 

The  effect  of  oxygen  level  and  aging  on  SCC  kinetics  in  Ti-Al-0  ternary  alloys 
is  shown  in  Fig.  32  [111].  In  as-quenched  specimens  the  0.05%  oxygen  alloy 
was  immune  to  SCC  in  0.6  M KG.  Increasing  the  oxygen  content  to  0.15% 
induced  susceptibility,  which  was  accentuated  by  further  increasing  the  oxygen 
level  to  0.3%.  Aging  in  the  (cr+a2)-phase  field  caused  the  0.05%  oxygen  alloy  to 
become  susceptible  and  promoted  SCC  in  the  higher  oxygen  alloys.  These  results 
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Fig.  31.  Variation  of  K\c  and  K\ j^c  with  aluminum  content  and  heat  treatment  in  binary 
titanium-aluminum  alloy  ( 30] . From  Proceedings  of  Conference  on  Fundamental  Aspects 
of  Stress  Corrosion  Cracking,  1969,  p.  630,  Fig.  20a;  copyright  by  the  National  Association 
of  Corrosion  Engineers.  Used  by  permission. 
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support  the  conclusion  that  aluminum  and  oxygen  additions  are  additive  in 
increasing  susceptibility. 

Increasing  the  tin  content  of  a alloys  generally  decreases  the  resistance  to 
SCC.  This  may  be  deduced  from  the  behavior  of  Ti-5A)-2.5Sn  and  T,oAl-5Zr- 
5Sn  with  respect  to  binary  Ti-5A1  alloys. 

There  is  little  information  in  the  literature  on  the  effect  of  other  elements  on 
a-phase  susceptibility.  However,  the  following  qualitative  statements  can  be 
made.  Zirconium  possibly  reduces  susceptibility  to  SCC,  as  is  evident  by  com- 
panng  the  results  of  Ref.  39  for  Ti-5Al-2.5Sn  and  Ti-5Al-SZr-5Sn.  The  only 
report  on  the  influence  of  silicon  is  for  a proprietary  alloy  (Ti4A14Mo- 
2Sn-0.25Si),  in  which  susceptibility  has  been  attributed  to  the  presence  of  inter- 
metallic  compounds  containing  silicon  [39] . 

The  martensites  in  a alloys  are  susceptible  to  SCC  (Fig.  33),  although  the 
K\scc  value  may  be  slightly  higher  than  that  for  equiaxed  structures. 


F*  33.  Variation  of  applied  stress  intensity  Afj(  to  critical 
stress  intensity  K \c  ratio  with  time  to  failure  for  martensitic 
structures  in  TI-6AI4V  and  Ti-5Al-2.5Sn  tested  in  3.5%  NaCl 
1 30). 

Both  grain  size  and  texture  are  known  to  influence  /C|jcc  in  a alloys,  but 
there  are  no  comprehensive  studies  of  these  factors.  A few  examples  are  noted  in 
the  following  sections  on  specific  commercial  alloys. 

a * H Alloys.  In  most  alloys  that  belong  to  this  group  and  exhibit  SCC  in 
aqueous  solution,  only  the  a phase  is  susceptible.  The  critical  parameters  for 
such  a phases  are  the  same  as  those  listed  above;  thus  the  susceptibility  is 
determined  by  the  aluminum,  oxygen,  and  tin  contents.  An  example  is  shown  in 
Fig.  34  in  which  the  increasing  susceptibility  in  the  alloy  series  Ti4A!-3Mo-l  V, 
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Ti-6A1-4V,  and  Ti-8Al-IMo-lV  is  evident.  In  alloys  of  this  type  the  alloying 
elements  are  partitioned  between  the  a and  (3  phases,  and  the  aluminum  content 
of  the  a phase  may  be  considerably  higher  than  the  average  composition;  for 
example,  the  or  phase  contains  >5(2  A1  in  mill-annealed  Ti4AI-3Al-lMo.  The 
influence  of  texture  of  the  o phase  on  SCC  susceptibility  has  been  described  in 
die  section  on  specimen  orientation  and  illustrated  for  the  alloy  Ti-8Al-lMo-lV 
in  Fig.  21.  Grain  size  in  equiaxed  a+/3  structures  is  not  a large  factor  in  deter- 
mining susceptibility,  as  it  cannot  be  varied  (independently)  over  large  ranges. 

The  major  difference  in  the  behavior  of  or+/3  alloys  and  comparable  a alloys  is 
in  the  behavior  of  the  martensitic  and  tempered  martensitic  (or  acicular)  struc- 
tures. Martensitic  structures  produced  by  quenching  from  above  the  /3  transus  are 
virtually  immune  to  SCC,  as  illustrated  for  Ti-6A14V  in  Fig.  33.  Tempering  the 
martensite  to  produce  acicular  or+/3  dispersions  (which  may  also  be  produced  by 
slower  cooling  rates  from  the  /3-phase  field)  results  in  material  susceptible  to 
SCC.  However,  such  microstructures  exhibit  higher  fracture  toughness  and  Kiscc 
levels,  as  illustrated  for  Ti-6A14V  in  Fig.  35.  This  effect  is  utilized  in  /3-process- 
ing  techniques  used  for  several  a+/3  alloys,  but  such  processing  is  not  effective  in 
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Fig.  35.  Relationship  between  yield  stress,  fracture  toughness  K\c,  and  stress  corrosion 
threshold  K\gCC  for  several  phase  structures  and  morphologies  in  Ti-6A1-4V  tested  in 
3.5%  NaQ  (113). 
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all  alloys.  Materials  with  limited  susceptibility  in  the  equiaxed  (e.g.,  mill- 
annealed)  condition  such  as  Ti4Al-3Mo-lV  exhibit  improvements  only  at  the 
highest  strength  levels  [39] . In  alloys  with  a high  degree  of  susceptibility,  for 
example,  those  having  high  aluminum  or  oxygen  contents  such  as  Ti-8Al-lMo- 
IV,  the  inherent  susceptibility  of  the  alloy  overrides  the  potential  benefits  of  the 
acicular  structures 

(3  + a Alloys.  Two  types  of  susceptibility  to  SCC  can  occur  in  0+a  alloys,  and 
in  fact  both  types  may  occur  in  the  same  alloy  in  different  heat  treatment 
conditions. 

Intergranular  cracking  occu^  in  /3+a  alloys  for  which  the  dominant  variable  is 
microstructure.  The  critical  structure  is  an  equiaxed  (3  phase  containing  a 
fine  Widmanstatten  dispersion  of  the  a phase.  As  this  form  of  SCC  was  recog- 
nized relatively  recently,  the  following  generalizations  are  based  on  limited  data. 

The  volume  fraction  of  the  a phase  and  the  details  of  the  dispersion  (e.g., 
a-plate  size)  influence  susceptibility.  Thus,  for  the  alloy  Ti-ll.5Mo-6Zr-4.5Sn, 
the  K iI£T  levels  fall  as  the  aging  temperature  is  reduced;  for  example  K\scc  was 
24  ksi  y/in.  after  aging  at  900°F  and  was  more  than  60  ksi  \/In.  after  aging  at 
1 1 50°F.  The  influence  of  solution  treatment  temperature  (and  also  (3  phase  grain 
size)  has  not  been  studied  in  detail.  It  has  been  shown,  however,  that  heat 
treatment  above  and  below  the  0 transus  has  little  influence  on  K |JCC  in 
equiaxed  0 structures.  Intergranular  failure  has  been  detected  in  a wide  variety  of 
alloys  (Ti-8Mn,  Ti-11.6Mo,  Ti-li.5Mo-6Zr4.5Sn,  Ti-8Mo-8V-3Al-2Fe,  and 
Ti-3Al-8V-6Cr4Mo  4Zr),  which  indicates  that  the  effect  is  relatively  general,  and 
no  clear-cut  compositional  influence  is  evident.  However,  preliminary  work  has 
shown  that  for  the  same  strength  level  K\scc  increases  slightly  in  the  series 
Ti-11.5Mo-6Zr4  ASn,  Ti-8Mo-8V-3Al-2Fe,  and  Ti-3Al-8V-6Cr4Mo4Zr,  which 
may  offer  a suggestion  of  some  compositional  dependence.  Finally,  let  us  note 
that  in  some  alloys,  e g.,  Tt-8Mn  (64)  and  Ti-6Al-2Sn4Zr-6Mo  [114],  both 
intergranular  and  transgranular  SCC  have  been  observed  after  specific  heat  treat- 
ments. Both  intergranular  and  transgranular  SCC  have  not  been  observed  in  a 
given  alloy  after  a single  heat  treatment.  Heat  treatments  leading  to  intergranular 
separation  of  the  0 phase  are  shown  in  Table  7. 

Table  7.  Alloys  and  Heat  Treatments  Resulting  in 
Intergranular  Separation  of  the  /?-Phase  Matrix 


Alloy 


Aging  Temperature 


Ti-Il.5Mo-6Zr4.5Sn 
Ti-8Mo-8V-3Al-2Fe 
Ti-1 1 .6Mo 
Ti-8Mn 

Ti-1 3V-1  !Cr-3Al 


482°C-650°C  (900°F  to  I200°F) 
454°C-538°C  (850°F  to  IOOO°F) 
500°C  (932°F) 

400°C  (752°F) 

590°C  (I094°F) 
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Fig.  36.  Variation  of  crack-initiation  load  K\xc  with  solution-treatment  or  aging 
temperature  in  Ti-8Mn.  Specimens  were  water  quenched  from  the  solution-treatment 
or  aging  temperature  and  the  resulting  phase  structures  are  indicated  (LIS]. 


Transgranular  cracking  occurs  in  a limited  number  of  0+a  alloys  in  which  the 
0 phase  is  susceptible  and  the  a phase  is  immune.  Such  cracking  can  also  occur  in 
metastable  0 retained  after  cooling  from  temperatures  above  the  0 transits.  The 
dominant  variable  for  this  form  of  SCC  is  the  composition  of  the  0 phase, 
although  there  are  considerably  fewer  data  for  such  systems  than  for  the  a 
alloys.  Manganese  content  is  important,  the  critical  level  being  about  10%.  This 
figure  was  deduced  from  the  high  susceptibility  of  a (quenched)  Ti-16Mn  alloy 
and  from  aging  studies  of  a Ti-8Mn  alloy  which  is  immune  in  the  quenched 
condition  [40,115],  Figure  36  illustrates  the  latter  point  and  shows  that  the 
Ti-8Mn  alloy  becomes  susceptible  when  aged  in  the  (0+o)-phase  field  which 
results  in  enrichment  of  the  0 phase  in  manganese.  Results  for  a lower  tempera- 
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tare  aging  treatment  are  shown  in  Fig.  37,  from  which  it  can  be  seer  that  the 
£+w  structure  is  immune  to  SCC,  which  is  true  for  all  alloys  containing  such 
dispersions  investigated  to  date.  The  Ti-SMn  alloy  does  exhibit  some  suscepti- 
bility when  a (3+a  structure  is  generated;  however,  in  this  case  the  failure  is 
intergranular.  It  has  been  concluded  that  some  ^-stabilizing  elements  do  not 
promote  SCC  susceptibility.  This  has  been  shown  directly  for  Ti-Mo  alloys  in 
which  the  metastable  (3  phase  in  Ti-12Mo  and  Ti-18Mo  is  immune  to  SCC  [40, 
1 14] . Work  on  commercial  and  experimental  ot +0  alloys  indicates  that  vanadium, 
tantalum,  and  niobium  do  not  produce  susceptible  0 phases. 


AGING  TIME  (bourn 

big-  37.  Variation  of  crack-initiation  load  for  spi  - imens  for  Ti-8Mn  quenched  from 
900°C  and  aged  at  400°C,  tested  in  air  and  O.n  M #fCl  at  -500  mV.  The  phase 
structure  of  the  alloy  is  also  indicated  [ !1 5 1 . 

Commercial  Alloys.  This  section  describes  the  general  characteristics,  critical 
parameters,  and  reported  properties  for  some  of  the  more  important  titanium 
alloys.  (Some  high  temperature  alloys  utilized  in  gas  turbine  applications  are  not 
included.)  The  alloy  Ti-6A1-4V  is  described  in  some  detail  with  the  object  of 
providing  a relatively  complete  description  of  its  SCC  properties -and  to  account 
for  the  wide  ranges  of  values  encountered  in  the  literature. 

Such  detailed  descriptions  cannot  be  attempted  for  all  alloys  due  to  lack  of 
data.  In  presenting  property  data  for  such  alloys,  we  have  usually  selected  one 
set  of  self-consistent  results  which  indicate  essential  features  of  alloy  behavior. 
Most  of  the  data  reported  are  for  intermediate  material  thicknesses  (<  0.S  in.). 
This  is  perhaps  unfortunate,  as  it  means  that  several  of  the  Xjc  values  are  invalid 
in  that  the  thickness  criterion  is  not  met  (see  Chapter  2).  The  values  employed 
by  an  engineer  must  be  dictated  by  the  thickness  of  material  to  be  used.  It 
should  also  be  noted  that  other  properties  may  be  influenced  by  variation  of  ma- 
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lerial  thickness;  for  example,  the  homogeneity,  preferred  orientation,  and  grain 
shape  are  controlled  by  the  reduction  of  an  ingot  to  the  finished  product  si'e.  In 
reality  even  more  information  is  required  for  a complete  evaluation  of  an  alloy 
than  that  given  below.  For  example  complete  chemical,  mechanical,  dimen- 
sional, directional,  microstructural  and  environmental  details  are  required  to- 
gether with  specific  features  of  the  test  techniques  used. 

Alpha-Phase  Alloys.  Of  the  commercial-purity  grades  of  titanium,  the  low 
interstitial  grades  Ti-35A  and!  i-50A  are  not  susceptible  to  aqueous  SCC;  thus  this 
discussion  will  concentrate  on  Ti-70A.  This  alloy  contains  up  to  0.4%  oxygen, 
which  determines  SCC  susceptibility.  The  alloy  contains  up  to  0.5%  iron,  which 
may  stabilize  up  to  about  4%0  phase. 

In  the  absence  of  iron  the  alloy  Ti-70A  should  not  show  a marked  hea' 
treatment  response,  as  it  is  essentially  a simple  Ti-0  alloy.  However  the  presence 
of  iron  in  the  alloy  results  in  the  0 phase  being  present  after  low  temperature 
treatments.  Further  the  0 composition  may  be  adjusted  by  solution  temperature 
to  a state  where  the  ui  phase  may  form  on  cooling  or  low  temperature  aging.  The 
*'•  0 transus  (0.4%  oxygen)  is  about  1740°F,  and  the  product  of  quenching  from 

the  0 field  is  hexagonal  martensite  a . The  u>  phase  may  be  formed  on  slow 
cooling  from  the  0-transus  temperature  to  1 200°  F.  The  volume  fraction  of  the  to 
phase  decreases  on  raising  the  solution  treatment  temperature,  but  the  tendency 
to  form  the  to  phase  increases  as  the  phase  contains  less  iron.  The  influence  of 
texture,  grain  size,  composition,  and  thickness  on  properties  has  not  been 
studied. 

Tests  of  Ti-70A.  Composition:  0.380,  0.007N,  0.03C,  0.007H,  and  0.38Fe. 
Specimens:  notch  bend  fatigue  precracked,  fracture,  WR  orientation.  SCC  tests 
in  3.5%  NaCl.  Results  are  shown  in  Tables  8a  and  b,  the  latter  showing  the  effect 
of  hot  and  cold  working  [39  j . 

Two  grades  of  Ti-5Al-2.5Sn  are  produced,  an  ELI  grade  (C.I2  maximum 
oxygen  and  low  iron)  and  a standard  grade  (0.2  oxygen,  0.5  iron.  0.3  man- 
ganese). The  alloy  has  good  weldability  and  can  be  utilized  over  a relatively  wide 
tange  of  temperatures,  from  cryogenic  (ELI -grade)  to  gas  turbine  temperatures. 
The  composition  ranges  of  the  two  grades  are  shown  below.  The  higher  oxygen 
content  of  the  standard  grade  makes  it  more  susceptible  to  SCC. 


Standard  Grade 

ELI  Grade 

A1 

4.0-6.0 

4.7-5 .6 

Sn 

2.0-3 .0 

2. 0-3.0 

Fe 

0.50 

0.1-0. 2 

Mn 

0.30 

- 

O 

0.20 

0.12 

C 

0.15 

0.08 

N 

0.07 

0.05 

SCC  BEHAVIOR 


311 


SCC  BEHAVIOR 


313 


Theoretically  Ti-5Al-2.5Sn  is  an  a alloy.  However,  the  iron  and  manganese 
content  causes  up  to  about  5%  0 phase  in  the  structure  of  the  standard  grade.  The 
alloy  is  not  considered  heat  treatable,  although  some  modification  of  properties 
can  be  accomplished  (see  Table  9).  The  (3  transus  is  about  192S°F.  The  product 
of  quenching  from  the  /3  field  is  hexagonal  martensite.  The  alloy  contains  suffi- 
cient aluminum  and  tin  to  form  the  a phase  at  temperatures  below  approxi- 
mately 1 120°F.  (Note  that  this  temperature  will  depend  on  exact  composition.) 
This  phase  has  a strong  influence  on  both  Af|c  and  /C|,cc.  The  co  phase  can  form 
in  the  0 phase;  the  transformational  behavior  is  similar  to  that  of  Ti-70A.  In- 
creasing grain  size  reduced  Kiscc  (see  Table  9).  Little  information  on  the  in- 
fluence of  texture  of  thicknesss  has  been  generated  for  the  alloy. 

Tests  of  Ti-5Al-2.5Sn.  Composition:  5.6A1,  2.6Sn,  0.39Fe,  0.160,  0.007H 
(standard  grade).  Specimen:  notch  bend,  fatigue  precracked,  fracture  WR  orien- 
tation. SCC  tests  in  3.5%  NaCl.  Results  are  shown  in  Table  9 [39] . Composition: 
5.1  Al,  2. 5Sn,  0.19Fe,  0.007N,  0.0940  (ELI  grade).  Specimen:  DCB  fracture  WR 
orientation.  SCC  tests  in  3.5%  NaCl.  Results  are  shown  in  Table  9 [1 16] . 

The  a alloy  Ti-SAl-5Zr-5Sn  is  somewhat  similar  to  the  Ti-5Al-2.5Sn  (ELI 
grade),  exhibiting  good  weldability  and  elevated  temperature  properties.  The  0 
transus  is  about  1820°F.  The  product  of  quenching  from  the  0 field  is  hexagonal 
martensite.  The  a phase  contains  sufficient  aluminum  and  tin  to  precipitate  the 
a2  phase  (phase  boundary  position  unknown  but  probably  about  1050°F). 
There  is  evidence  that  increasing  grain  size  reduces  Kuec  and  that  hexagonal 
martensite  is  equivalent  to  a large  grain  size.  There  is  limited  evidence  that  plate 
does  not  show  such  extreme  texture  as  some  other  a-  and  (a+0)-type  alloys. 

Tests  of  Ti-5Al-5Zr-5Sn.  Composition:  5.3A1,  S.lSn,  S.3Zr,  0.05  Fe,  0.006N, 
0.1 0.  Specimen:  notch  bend,  fatigue  precracked,  fracture  WR  orientation.  SCC 
tests  in  3.5%  NaCl.  Results  are  shown  in  Table  10  [39] . 

ot+0  Alloys.  In  this  section  we  shall  present  data  on  several  alloys  but  con- 
centrate on  the  alloy  Ti-6A1-4V,  the  most  important  commercial  titanium  alloy. 
The  variety  of  phase  structures  and  heat  treatments  possible  on  a+0  alloys  is 
much  greater  than  the  a alloys,  and  only  the  most  important  treatments  and 
structures  will  be  described. 

The  super  a alloy  Ti-8Al-lMo-l  V exhibits  good  combinations  of  strength, 
modulus,  weldability,  and  density.  However,  the  extreme  stress  corrosion  sus- 
ceptibility in  aqueous  solutions  has  rendered  it  virtually  obsolete.  Although 
probably  more  work  has  been  performed  on  this  alloy  than  all  other  titanium 
alloys,  we  shall  only  briefly  describe  its  characteristics  here. 

The  0 transus  is  about  1930°F.  The  product  of  quenching  from  the  0 field  is 
hexagonal  martensite;  possibly  orthorhombic  martensite  may  be  produced  from 
the  0 phase  by  quenching  in  the  range  of  1560  to  1650°F.  Composition  of  the  a 
phase  is  such  that  aj  may  form  readily  at  temperatures  below  I250°F.  This 
phase  has  a very  large  influence  on  the  K\c  and  Ki,cc  value.  Utilization  of 
quenched  and  tempered  structures  offers  some  improvement  over  annealed 
structures.  This  alloy  often  exhibits  extreme  transverse  preferred  orientation. 
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Some  (proprietary)  processes  were  developed  in  the  mid  1960’s  to  produce  more 
random  textures  but  appeared  to  produce  limited  improvements. 

Tests  on  Ti-8AI-IMo-l  V.  Composition:  7.9A1,  1.1V,  0.95Mo,  0.00.  Speci- 
men: DCB,  fracture  WR  orientation.  SCC  tests  in  3.5%  NaCl.  Results  are  shown 
in  Table  1 1 [64j . 

The  most  important  and  widely  used  titanium  alloy  is  Ti-6A1-4V.  Severe! 
grades  are  produced  including  ELI  and  standard  grades;  in  many  thick-section 
products  the  oxygen  level  may  be  increased  (to  about  0.2%)  in  order  to  attain 
specific  strength  goals.  The  yield  strength  in  the  alloy  can  be  varied  between 
(approximately)  100  and  170  ksi  by  controlled  heat  treatments,  and  it  exhibits 
relatively  good  elevated  temperature  properties.  Although  in  certain  heat  treat- 
ments the  alloy  can  be  cold  formed,  hot  or  creep  forming  is  often  utilized  to 
produce  the  required  shapes.  The  alloy  exhibits  good  hardenability  and  welding 
characteristics. 

The  (5  transus  is  about  1 820°F,  and  the  product  of  quenching  from  the  p field 
is  hexagonal  martensite  (a').  As  the  solution  treatment  temperature  is  reduced 
below  the  0 transus  the  primary  <*  phase  is  retained  on  quenching.  However,  the 
P phase  will  transform  to  martensite  at  temperatures  as  low  as  1550°F.  A second 
form  of  martensite  (possibly  orthorhombic)  may  form  between  1550  and 
1600°F.  The  p phase  is  retained  on  quenching  from  1500°F  but  undergoes  a 
stress-induced  transformation  at  room  temperature  resulting  in  good  formability 
properties. 

Aging  treatments  are  based  on  tempering  of  martensitic-type  structures. 
Either  super-  or  subtransus  treatments  are  used,  although  it  is  usual  to  use  a 
second,  subtransus,  treatment  after  a supertransus  treatment.  The  selection  of 
the  solution  treatment  and  aging  temperature  and  time  depends  upon  the  spe- 
cific strength  requirement.  Aging  at  low  temperatures  (about  1 000° F)  results  in 
the  highest  strength  levels;  lower  strength  and  higher  toughness  may  be  produced 
by  aging  at  1150  to  1 350°F.  If  the  material  is  subsequently  exposed  at  lower 
temperatures,  300  to  900°F,  further  precipitation  of  the  a phase  may  occur 
within  the  P phase.  The  w phase  does  not  form  in  this  alloy.  If  the  alloy  has  high 
aluminum  and  oxygen,  the  02  phase  may  form  in  the  a phase. 

Figure  38  is  a compilation  of  K{C,  K |jr-,and  yield-strength  data  for  the  alloy 
Ti-6AJ-4V  in  the  form  of  plate,  extrusions,  and  forgings  0.S  to  1.5  in.  thick.  This 
figure,  if  nothing  more,  illustrates  the  rather  extreme  variation  of  properties  that 
may  be  exhibited  by  one  material.  If  the  use  of  this  or  any  other  alloy  is 
contemplated  in  a situation  where  SCC  may  be  a problem  then  the  internal 
variables  which  influence  the  K\tcc  value  must  be  known  and  controlled.  A 
separation  of  these  variables  is  attempted  in  the  following  paragraphs.  To  isolate 
one  variable  means  that  all  others  must  be  held  constant,  and  unfortunately  this 
is  not  always  possible. 

The  critical  compositional  factors  of  the  alloy  are  the  oxygen  and  aluminum 
contents.  Figures  39a  and  b illustrate  the  effect  of  oxygen  level  on  K\c  and 
(optimum)  KUec  aftet  two  heat  treatments-which  means  of  course  different 


SCC  BLHAVIOR 


31 


320 


TITANIUM  ALLOYS 


strength  levels.  High  aluminum  contents  also  lead  to  a reduction  in  K\scc.  The 
/3-stabilizing  elements  vanadium  and  iron  are  beneficial;  increasing  the  amount  of 
these  elements  increases  K{scc . 

As  noted  in  the  section  on  thickness  effects,  the  thickness  of  ot+0  alloys 
appears  to  influence  the  K [scc  value.  Such  an  influence  is  inferred  from  the 
comparison  of  (as  received)  plate  and  sheet  material.  In  one  series  of  experi- 
ments it  has  been  demonstrated  that  if  the  K\scc  value  is  low  in  plate  material, 
then  no  increase  occurs  as  the  thickness  of  the  plate  is  reduced,  as  shown  in 
Table  12.  It  would  be  of  interest  to  measure  the  Kiscc  variation  with  thickness 
in  material  with  an  intermediate  K\scc  value  (about  50  to  60  ksi  \/in.  ) in  thick 
sections.  At  this  time  it  appears  probable  that  the  superior  properties  of  thin 
sheet  Ti-6A1-4V  may  be  attributed  in  part  to  the  lower  oxygen  content  and  more 
random  texture  of  sheet  material. 


Table  12.  Effect  of  Thickness  of  Mill -Annealed 
Ti-6A14Va  on  Klscc  and  Klc‘ b 


Thickness,  in. 

A[C,  ksi  \fm. 

AlICC,  ksi  JTn. 

03)8 

57.9 

21 

0.70 

60.0 

19 

0.50 

61.3 

21 

0.25 

90.0 

17 

0.1 25c 

93.2 

22 

0.1 25c 

* 

22 

0.050 

- 

19 

a Mechanic* 1 properties.' 

UTS  * 155.6  ksi 
YS  « 147.9  ksi 
Elong.  = 13% 

RA  » 34.5% 

*From  Ref.  119. 

cSingle-edge,  notched,  tension  specimens;  the  remainder  were  precracked  bend 
specimens.  WR  orientation. 


As  the  a phase  is  the  constituent  susceptible  to  SCC  in  Ti-6A14V,  it  is 
obvious  that  the  preferred  orientation  or  texture  of  the  material  with  respect  to 
the  loading  direction  will  exert  an  influence  on  the  SCC  susceptibility.  The 
important  question  is  what  governs  the  development  of  texture  in  this  material, 
and  unfortunately  no  really  comprehensive  answer  can  be  given.  It  appears  that 
such  factors  as  the  processing  temperature,  the  reduction  accomplished  during 
working,  and  the  finishing  temperature  all  influence  texture.  The  following  state- 
ments are  based  on  results  for  Ti-8Al-lMo-lV  [38]  and  observations  on  Ti- 
6A14V  (1 17, 1 18}  which  are  summarized  in  Fig.  40. 
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• MATERIAL  USUALLY  HEAT  TREATED  AFTER  PROCESSING 

Fig.  40.  Schematic  of  the  influence  of  processing  on  texture  and  SCC  properties. 


• Processing  in  the  0-phase  field  often  leads  to  the  development  of  the  a- 
phase  texture  shown  in  Fig.  40a.  Such  a texture  leads  to  relatively  isotropic 
properties  and  relatively  high  values  of  Af|,cc. 

• Processing  through  the  a+0  transus  often  leads  to  the  development  of  the 
texture  shown  in  Fig.  40b,  which  leads  to  poor  transverse  SCC  values  (and  very 
anisotropic  mechanical  properties). 

• Processing  at  lower  temperatures  (1500  to  1700°F)  often  leads  to  the 
development  of  crystallographic  texture  shown  in  Fig.  40c,  which  is  typical  of 
some  sheet  material.  However,  such  processing  results  in  an  equiaxed  structure 
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(grain  morphology)  unless  a (3-solution  treatment  is  used  subsequently;  thus,  the 
toughness  properties  and  SCC  resistai  ..e  of  the  material  processed  at  the  low 
temperature  are  usually  lower  than  (3-processed  material. 

• There  is  evidence  that  (3-heat  treatment  modifies  the  preferred  orientation 
developed  during  prior  processing,  tending  to  produce  a more  random  crystal- 
lographic texture. 

Data  on  other  product  forms  are  less  complete.  From  limited  data  it  seems 
possible  that  extrusions  and  forgings  may  exhibit  somewhat  more  isotropic 
properties  and  higher  K\scc  values. 

Most  Ti-6AI-4V  is  relatively  homogeneous  on  a macroscopic  scale;  however, 
regions  of  gross  a-phase  segregation  have  been  observed  (e.g.,  Ref.  120).  Such 
a-phase  regions  persist  at  most  scales  of  structural  examination  and  are  often 
called  a-stringer  structures  or  banded  structures.  In  annealed  material  the  banded 
or  a-stringer  structures  have  not  been  shown  to  have  a marked  influence  on 
SCC  properties.  It  has  been  suggested  that  residual  stresses  present  in  such 
regions  may  lower  K iscc. 

-■*  ' At  the  microstructural  level  several  factors  have  been  shown  to  influence  SCC 

properties.  The  general  superiority  of  acicular  microstructures  over  equiaxed 
microstructures  has  been  described  above,  although  it  must  be  reiterated  that 
this  effect  is  most  pronounced  in  alloys  with  intermediate  0. 1 to  0.15  oxygen 
\ contents.  The  exact  details  of  the  acicular  microstructure  are  important,  as 

follows: 

1.  The  prior  (3-grain  size  should  be  as  small  as  possible;  i.e.,  tight  control  of 
the  solution  treatment  and  of  hot  working  schedule  must  be  exercised. 

2.  The  a-piate  or  grain  size  should  be  small.  This  is  related  to  the  (3-grain  size 
and  subsequent  aging  treatments. 

3.  The  precipitated  (3  phase  should  be  distributed  as  a continuous  film  around 
the  a-phase  grains. 

4.  In  high  aluminum-  and  oxygen-containing  alloys,  heat  treatment  which 
forms  the  aj  phase  should  be  avoided  [38,117], 

As  may  be  seen  from  Fig.  38,  there  is  in  general  an  inverse  relationship 
between  strength  and  both  toughness  (K)c)  and  SCC  resistance  (A|JCc)-  Thus  for 
the  best  combination  of  SCC  properties  at  a given  strength  ievel,  the  composi- 
tion, texture,  and  microstructure  have  to  be  opiimized.  The  exact  selection  is 
also  dictated  by  other  property  requirements.  For  example  (3-processed  material 
i exhibits  inferior  formability  characteristics  and  often  lower  strength  levels  than 

(a+(3)-processed  material. 

Material  that  has  been  (3  processed  to  produce  an  acicular  structure  is  often 
solution  treated  again  in  the  or+(3  region  a.’d  water  quenched.  The  cooling  rate 
from  the  first  ^-processing  treatment  influences  subsequent  fracture  toughness 
properties  air  cooling  producing  higher  values  than  water  quenching.  The 
following  are  illustrative  examples  for  Ti-6A1-4V  containing  intermediate  oxygen 
levels  after  heat  treatment  designed  for  specific  applications. 
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For  structural  applications  requiring  high  toughness  and  intermediate  strength 
[ld|: 


Heat 

Treatment 

UTS 

YS 

Klc 

Klscc 

1 900° F 30  min  AC+  1 

1725°F  30  min  WQ+ 

1 250°F  4 hr  AC  J 

\ 158 

i 

142 

8b 

58 

For  structural  applications  requiring  high  strength  in  compression: 

Heat 

Treatment 

UTS 

YS 

Kic 

Klscc 

1900°F  30  min  AC+  1 
1725°F  30  min  WQ+ 
1000°F  4 hr  AC  J 

1 

y iso 

160 

65 

49 

For  sheet  material  requiring  good  toughness  and  high  formability: 

Heat 

Treatment 

UTS 

YS 

Klc 

Klscc 

1725°F  30  min  AC+ 
1250°F  AC 

150 

143 

70 

53 

A comprehensive  analysis  of  data  from  a large  number  of  plates  of  Ti-6A1-4V 
has  resulted  in  the  development  of  an  empirical  equation  for  the  prediction  of 
Xqlc<.  [1 17,1 18] . This  was  derived  from  a regression  analysis  of  data  after  the 
delineation  of  critical  factors  and  takes  the  form: 

X|Sfr  = 40.5  - 262  02  * 9.2AI  + 38.9V  + 2.11(MR), 

where  the  compositions  are  in  weight  % and  the  niicrostructural  rating  (MR) 
varies  between  u (pocr)  and  20  (excellent).  The  latter  factor  includes  the  factors 
listed  above-0-grain  size  o-plate  size,  and  0-phase  distribution-but  is  a some- 
what subjective  parameter.  The  equation  is  derived  for  one  heat  treatment, 
0-processed  + mill  anneal,  and  thus  further  work  is  required  to  extend  it  to  all 
strength  levels.  Further  modifications  to  include  the  influence  of  texture,  phase 
formation,  and  the  presence  of  iron  are  also  required.  The  standard  deviation  of 
predicted  values  from  observed  values  was  approximately  10  ksi 

The  variation  of  K\tCc  in  the  alloy  Ti-6A1-4V  in  3.5%  NaCl  solutions  is 
relatively  well  understood  and  thus  by  careful  control  of  processing  and  manu- 
facturing techniques,  the  material  can  be  used  in  salt  water.  All  the  above  factors 

Ir 


324 


TITANIUM  ALLOYS 


SCC  BEHAVIOR 


325 


arc  interrelated  to  sonic  extent,  and  thus  ail  factors  must  be  recognized  and 
controlled. 

The  alloy  Ti-6Al-6V-2Sn  is  similar  to  Ti-6A1-4V  but  can  be  heat  treated  to 
higher  strength  levels  and  exhibits  good  hardenability.  The  alloy  contains  iron 
(0.35  to  1.0%)  and  copper  (0.35  to  1.0%).  The  oxygen  level  is  controlled  to 
between  0.12  and  0.2%. 

The  (1  transus  is  about  1725°F,  and  the  quench  product  is  hexagonal  mar- 
tensite; the  (3  phase  is  retained  on  quenching  fr  >m  about  1550°F.  For  the  highest 
strength  levels  an  (a+(?)-ST  (1650°F)  treatment  is  employed  followed  by  water 
quenching  and  aging  at  1000  to  1 100°F.  The  strength  of  mill-annealed  material 
is  greater  than  that  of  Ti-6A1-4V.  The  aluminum  content  of  the  a phase  may 
permit  the  formation  of  the  a. i phase. 

Tests  an  Ti-/)Al-6V-2Sn.  Composition;  5.6A1,  5.6V,  2.1Sn,  0.8Fe,  0.75Cu, 
0.1500.  Specimen:  notch  bend,  fatigue  precracked,  fracture  WR  orientation. 
SCC  tests  in  3.5%  NaCl.  Results  are  shown  in  Table  13  (39| . 

The  versatile  alloy  Ti-4Al-3Mo-l V can  be  heat  treated  to  a wide  range  of 
strength  levels  but  does  not  exhibit  good  hardenability  in  thick  sections.  The 
alloy  is  quite  resistant  to  aqueous  SCC  at  all  strength  levels.  Little  is  known  of 
the  influence  of  composition  on  SCC.  Oxygen  levels  are  not  called  out  in  specifi- 
cations. The  0 transus  of  the  alloy  is  about  1750°F;  the  quench  product  is 
hexagonal  martensite  with  some  retained  (3.  The  (3  phase  is  retained  on  quenching 
from  about  1550°F.  Aging  the  martensite  structures  result  in  cr+j3  dispersions. 
The  composition  of  the  retained  (3-phase  is  such  that  it  can  be  aged  (below  about 
750°F)  to  precipitate  the  w phase.  Conventional  heat  treatments  utilize  anneal- 
ing (producing  equiaxed  a+0  structures):  a+(3  STA  treatments  at  1650-1725°F 
WQ  with  subsequent  aging  at  110-1200°F  (producing  equiaxed  a martensite, 
tempered  to  o+(3);  or  (3-ST  treatments  at  about  1800°F  and  tempering  (pro- 
ducing acicular  o+( 3). 

Tests  on  Ti-4Al-3Mo-lV.  Composition:  4.5A1,  3.3Mo,  1.0V,  0.1100.  Speci- 
men: notch  bend,  fatigue  precracked,  fracture  WR  orientation.  SCC  tests  in  3.5% 
NaCl.  Results  are  shown  in  Table  14  [19J. 

Ti-6Al-2Sn-4Zr-6Mo  is  also  related  to  Ti-6A1-4V,  but  the  more  complex  com- 
position is  reflected  in  the  wider  variety  of  phase  structures  and  properties  that 
can  be  produced.  Little  information  is  available  on  the  influence  of  minor  com- 
positional changes  in  SCC  susceptibility. 

It  is  difficult  to  give  a concise  account  of  the  transformation  and  resulting 
properties  that  can  be  produced  in  this  alloy.  The  following  is  a brief  description 
of  the  major  points.  The  (3  transus  is  about  J800°F,  and  the  product  of  quench- 
ing from  the  (3  field  is  orthorhombic  martensite.  Tempering  of  this  structure 
results  in  fine  a-phase  precipitates.  The  limit  of  stability  of  the  (3  phase  is  un- 
known, although  the  0 phase  retained  on  quenching  from  about  I550°F  will 
undergo  a stress-induced  transformation.  The  retained  0 phase  can  be  strength- 
ened by  aging  it  at  lower  temperatures  to  precipitate  the  a phase.  As  the  a phase 
contains  high  aluminum  and  tin  concentration,  the  1x2  phase  can  form  at  low 
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temperature  aging.  Thus  the  material  can  be  utilized  in  a mill-annealed  type 
structure  in  which  the  behavior  is  analogous  to  Ti-6A1-4V  or  a quenched  and 
tempered  condition  in  which  behavior  resembles  (hat  of  Ti-1 1 ,5Mo-6Zr-4.5Sn. 

Tests  on  Ti-6Al-2Sn-4Zr-6Mo.  Composition:  5»A1 , 6.OM0,  4.0Zr,  1 .9Sn, 
0.0W.  Specimen:  tapered  IX'B,  fracture  WR  orientation.  SCC  tests  in  3.59? 
NaCl.  Results  are  shown  in  Table  15  [ 1 14 J . 

d+a  Alloys.  As  noted  above,  two  SCC  separation  modes  have  been  detected  in 
such  alloys.  Thus  the  first  part  of  this  section  will  be  concerned  with  the  inter- 
granular failure  mode  with  emphasis  on  the  alloy  Ti-1 1 ,5Sn-6Zr-4.5Sn  for  which 
most  data  are  available.  The  second  section  will  discuss  briefly  an  alloy  in  which 
transgranular  separation  of  the  (3  phase  occurs. 

Ti-1 1 .5Mo-6Zr4.5Sn  exhibits  a range  of  attractive  mechanical  properties.  In 
the  quenched  condition  the  material  undergoes  a stress-induced  transformation 
resulting  in  excellent  formability.  Quenching  and  tempering  treatments  can  be 
employed  to  produce  yield  strengths  >180  ksi,  and  the  alloy  exhibits  good 
hardenability.  There  is  no  evidence  that  variations  of  chemistry  within  speci..- 
cation  influence  SCC  properties.  (Inadvertent  boron  contamination  may  result  in 
general  embrittlement.) 

The  d transus  is  about  I400°F  but  is  raised  by  increasing  the  oxygen  content. 
The  product  of  quenching  d is  retained  d.  which  is  immune  to  SCC.  Hither  d or 
d+«  ( I350°F)  solution  treatments  can  be  used.  The  (d+a)-ST  can  be  heat  treated 
to  higher  strength  levels.  The  aging  temperatures  employed  range  from  900  to 
1160°F  (8  hr  at  900°F  is  conventional),  to  produce  d+<*  dispersion.  Aging  of 
d-ST  material  at  temperatures  >800°F  results  in  co-phase  precipitation. 
Hquiaxed  d structure  containing  the  a phase  are  susceptible  to  SCC,  while  d+co 
structures  are  immune. 

There  is  limited  evidence  that  A]Jf(.  depends  on  sheet  thickness.  For  example 
d quenched  specimens  aged  for  8 hr  at  900°  F exhibit  K\scc  values  of  40  ksi  Vue 
in  0.08  in.  sheet  and  24  ksi  \f\n.  in  0.5  in.  plate. 

Tests  on  Ti-ll.5Mo-6Zr~4.5Sn.  Composition:  !0.7Mo,4.12Zr,4.6Sn,0.03Fe. 
0.130.  Specimen:  L)CB  or  notch  bend,  fracture  WR  orientation.  SCC  tests  in 
3.5%  NaCl.  Results  are  shown  in  fable  16  [63.121]. 

It  should  be  noted  from  Table  16  that  the  equiaxed  structures  are  susceptible 
to  SCC.  Two  me  hods  of  eliminating  such  susceptibility  have  been  suggested. 
First,  the  critical  microstructure  feature  has  been  proposed  to  be  the  formation 
of  a continuous  film  of  a phase  at  the  d-grain  boundaries.  Thus  it  is  possible  that 
by  selecting,  for  example,  double  aging  treatments,  this  film  could  be  eliminated 
along  with  SCC  susceptibility.  The  authors  are  unaware  of  any  direct  demonstra- 
tion of  the  effectiveness  of  such  methods.  Second,  as  the  critical  structure  occurs 
at  the  grain  boundaries,  modification  of  grain  shape  could  eliminate  SCC  sus- 
ceptibility in  some  directions.  By  employing  het  working  processes  below  the  d 
transus,  such  microstructural  modifications  can  be  accomplished,  and  the  result- 
ing grain  shapes  are  not  dissimilar  from  those  produced  in  aluminum  alloys 
(Chapter  3).  From  Table  16  it  can  be  seen  that  such  operations  eliminate  SCC 
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susceptibility  at  least  in  the  WR  direction.  The  susceptibility  in  the  short  trans- 
verse direction  has  not  been  determined  at  this  time.  (It  is  possible  that  this 
method  also  eliminates  grain  boundary  films  of  the  a phase,  but  this  possibility 
has  not  been  investigated.) 

The  alloy  Ti-8Mo-8V-3AI-2Fc  is  similar  to  Ti-1 1 ,5Mo-6Zr4.5Sn,  although  the 
higher  ^-stabilizer  content  leads  to  some  modification  of  the  phase  tranforma- 
tions.  The  alloy  exhibits  excellent  hardenability  and  can  be  heat  treated  to  high 
strength  levels. 

The  0 transus  is  about  I350°F.  The  0 phase  is  retained  on  water  quenching  or 
air  cooling.  The  0 phase  does  not  undergo  a stress-induced  transformation  at 
room  temperature.  Aging  of  the  retained  |3-phase  is  usually  performed  at  tem- 
peratures from  900  to  1 !00°F,  in  which  range  the  a phase  is  precipitated.  Aging 
at  temperatures  below  about  650°F  results  in  a phase  separation,  0 0i+02, 

causing  considerable  strengthening.  This  structure,  as  with  0 +u>  mixtures,  ap- 
pears immune  to  SCC.  The  authors  are  unaware  of  any  compositional  or  proc 
essing  data  which  have  been  related  to  STC  susceptibility.  It  is  piobabie  that 
,r-  the  hot  working  techniques  described  for  Ti-1  1 ,5Mo-6Zr4.5Sn  would  also  be 

effective  for  this  alloy. 

Tests  on  Ti-8Mo-8V-3A!-2Fe.  Composition:  7.8Mo,  8.1V,  2.9A1,  2.0Fe, 
0.090.  Specimen:  DCB,  fracture  WR  orientation.  SCC  tests  in  3.5%  NaCl.  Re- 
sults are  shown  in  Table  17  (63] . 

Ti-8V-6Cr4Mo4Zr-3AI  is  similar  to  the  alloy  just  described.  It  has  excellent 
hardenability  and  can  be  heat  treated  to  very  high  strength  levels  (>220  ksi 
yield  L 

The  (3  transus  is  about  1 340°F.  The  0 phase  is  retained  on  water  quenching  or 
on  relatively  slow  cooling.  The  alloy  is  hardened  by  precipitation  of  the  a phase 
at  temperatures  from  900  to  1100°F.  Precipitation  at  lower  temperatures  has 
not  been  studied  in  detail,  although  it  is  possible  that  a phase  separation,  0 ■* 
01+02’  occurs.  The  SCC  fractures  are  intergranular  after  low  temperature  aging 
but  may  be  transgranular  in  material  aged  at  higher  temperatures,  possibly  due 
to  the  chromium  content  of  the  alley. 

Tests  on  Ti-8V-6Cr-4Mo-4Zr-3AL  Composition:  3.4A1,  8.2V,  5.8Cr,  3.9Zr, 
4.0Mo,  0.090.  Specimen:  notch  bend,  fracture  WR  orientation.  SCC  tests  in 
3.5%  NaCl.  Results  are  shown  in  Table  18  (122). 

Ti-1 3V-1  ICr-3Al  is  nearest  to  a stable  (3-phase  alloy  that  is  produced  com- 
mercially. In  the  all  (3-phase  condition  it  is  very  formable  but  can  be  strength- 
ened to  high  strength  levels  by  aging.  Cold  work  plus  aging  treatments  can 
develop  strengths  as  high  as  230  ksi.  The  0 transus  is  about  1240°F  (0.05%  O) 
but  can  be  higher  (up  to  1300°F)  with  high  oxygen  contents.  The  0 phase  is 
retained  on  cooling  to  room  temperature  even  at  relatively  slow  rates.  The  yield 
strength  of  the  0 phase  can  be  increased  from  130  to  180  ksi  by  cold  working. 

Aging  at  temperatures  between  800  and  1000rF  results  in  a-phase  precipita- 
tion. Prolonged  aging  (>100  hr  at  I000°F)  can  cause  the  formation  of  TiCrj 
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which  reduces  the  toughness  of  the  alloy  to  rather  low  levels.  Aging  at  tempera- 
tures below  about  (>00°F  causes  a phase  separation  within  the  0 phase  (/3  -* 
0l+02>- 

The  0 phase  is  susceptible  to  SCC.  and  thus  the  grain  size  of  the  phase  could 
be  expected  to  influence  Kiscc.  Limited  evidence  indicates  that  the  larger  the 
grain  size  the  lower  the  K\scc  value.  The  influence  of  cold  work  on  K\scc  does 
not  appear  to  have  been  studied. 

Tests  on  Ti-13V-l  lCr-3Al.  Composition:  3.3AI,  13.2V,  IO,3Cr,  0.100.  Speci- 
men: notch  bend  or  single-edge-notched,  fatigue  precracked,  fracture  WR  orien- 
tation. SCC  tests  in  3.5%  NaCI.  Results  arc  shown  in  Table  19  (31 ,63 J . 

Considerably  more  data  are  available  than  those  listed  above  both  for  some  of 
the  alloys  listed  and  for  other  experimental  and  commercial  alloys.  We  have  tried 
to  demonstrate  the  critical  parameters  which  are  involved  in  determining  the 
SCC  behavior  of  titanium  alloys  in  salt  water.  The  points  covered  should  be 
applicable  to  other  alloys  of  the  same  type.  Less  is  known  of  the  influence  of 
metallurgical  parameters  on  SCC  in  other  environments,  but  from  an  engineering 
point  of  view,  metallurgical  methods  of  avoiding  the  problem  are  of  less  interest. 
One  possible  exception  is  the  (potential)  hot  salt  problem  in  which  at  least  some 
of  the  metallurgical  factors  are  similar  to  those  found  iri  aqueous  solutions,  but  a 
detailed  analysis  is  not  possible  at  this  time. 

Metallurgical  Methods  of  Improving  SCC  Properties 

Compositional  and  Microstructural  Methods.  An  example  of  an  alloy  develop- 
ment program  undertaken  with  the  object  of  producing  material  with  adequate 
strength  coupied  with  good  SCC  resistance  has  been  performed  within  The 
Boeing  Company  11231.  The  essential  concepts  of  the  program  were  as  follows. 
It  had  been  shown  at  its  inception  that  titanium  alloys  could  not  tolerate  high 
aluminum  contents,  and  therefore  this  alloy  element  was  held  below  5%.  Fur- 
ther, molybdenum  and  vanadium  were  known  to  be  beneficial  elements,  and 
these  were  added.  Additions  of  0-eutectoid  elements  were  made  to  provide  addi 
tional  strengthening  and  also  to  study  their  influence  on  SCC  susceptibility.  The 
results  obtained  on  the  most  successful  alloys  developed  are  shown  in  Fig.  41, 
which  demonstrates  that  considerable  improvements  were  achieved.  Flowever, 
the  reader  who  has  followed  the  discussions  on  metallurgical  variables  to  this 
point  will  no  doubt  see  that  there  are  some  additional  subtleties  which  must  be 
considered. 

Other  microslrut'lural  and  compositional  modifications  that  could  be  antici- 
pated to  improve  SCC  properties  are  based  on  the  observation  that  transgranular 
SCC  occurs  in  alloys  in  which  slip  is  concentrated  in  narrow  band$-so-called 
planar  slip.  If  deformation  could  be  made  to  occur  in  a turbulent  manner  (mul- 
tiple cross-slip),  it  is  possible  that  SCC  resistance  would  be  improved.  The 
essential  difficulty  is  to  provide  hard  stable  particles,  which  usually  cause  such  a 
modification  of  slip  morphology  in  a titanium-rich  matrix.  Some  progress  on  a 
fundamental  level  has  been  made-  for  example,  additions  of  the  (expensive) 
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element  gallium  to  Ti-AI  alloys  can  result  in  the  formation  of  T^Ga  particles 
which  improve  at  least  the  ductility  properties,  although  other  properties  have 
not  been  studied.  Perhaps  systems  based  on  carbides,  borides,  and  rare-earth 
elements  may  prove  a more  practical  method  of  achieving  the  desired  disper- 
sions. 

More  Macroscopic  Methods.  It  has  been  shown  that  thermomechanical  proc- 
essing of  at  least  one  0+or  alloy  can  result  in  improved  SCC  properties.  Such 
processing  no  doubt  could  be  applied  to  similar  alloys  with  the  object  of  pro- 
viding high-strength  material  coupled  with  adequate  toughness  and  SCC  resist- 
ance. However,  such  processing  may  result  in  the  same  condition  as  that  found 


f ig.  41.  Strength,  toughness,  and  stress  corrosion  resistance  of  some  experimental  Boeing- 
developed  alloys  (0  5 in.  thick,  WR  orientation,  3.5%  Nat'l)  [ 1 23 1 . 
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in  wrought  aluminum  products,  i.c.  susceptibility  to  SCC  only  in  the  short 
transverse  direction.  It  is  possible  that  hot  working  could  also  be  useful  in  a+0 
alloys,  although  this  does  not  appear  to  have  been  studied  directly.  Most  alloys 
of  this  type  are  given  further  heat  treatments  after  working  which  essentially 
remove  the  structure  caused  by  hot  work. 

The  development  of  composite  materials  has  been  a very  active  field  in  recent 
years,  no  doubt  due  to  the  availability  of  boron,  carbon,  and  other  fibers. 
Problems  are  encountered  with  such  fibers  in  titanium  alloy  matrices  due  to 
their  extreme  reactivity.  Recently  methods  and  alloys  have  been  developed 
which  reduce  the  extent  of  fiber-matrix  reaction.  However,  such  materials  have 
not  reached  the  stage  of  development  where  the  SCC  properties  are  of  conceit;. 
Likewise,  directional  composites  produced  by  controlled  solidification  processes 
(such  as  Ti-Si  alloys)  are  in  the  early  development  stages. 

One  other  macroscopic  method  of  producing  composite  structures  in  ti- 
tanium alloys  is  by  the  utilization  of  diffusion  bonding  techniques.  Such 
methods  are  eminently  suitable  for  titanium  alloys,  as  these  alloys  can  be  readily 
joined  by  diffusion  bonding.  Development  work  on  armor  plate  is  in  progress 
utilizing  very  high  strength  alloys  (such  as  (3+co  structures)  bonded  with  high 
toughness  material.  This  approach  could  conceivably  be  extended  to  composite 
or  sandwich  materials  which  would  couple  high  strength  with  SCC  immunity. 

s 

5.S  Stress  Corrosion  Fracture 

This  section  describes  the  characteristic  fracture  features  observed  in  titanium 
alloys  that  have  failed  under  SCC  conditions.  Such  a description  may  prove 
useful  in  diagnostic  analyses  of  the  fracture  of  titanium  alloys  both  under  labora- 
tory and  service  conditions.  It  should  be  noted  that  fracture  surfaces  from 
service  failures  may  be  complex  due  to  such  factors  as  discontinuous  failure  due 
to  variable  applied  loads  and  the  superposition  of  variables  other  separation 
modes  by  corrosion,  fatigue,  etc.  “Brittle-failure”  of  titanium  alloys  can  occur 
by  mechanisms  other  than  SCC,  such  as  the  pickup  of  hydrogen  at  elevated 
temperatures  and  the  resultant  hydrogen  embrittlement  at  lower  temperatures. 
Titanium  alloys  (incorrectly  selected)  may  exhibit  cleavage  failure  at  cryogenic 
temperatures.  These  failure  modes  are  not  described  in  the  following  paragraphs. 

Topology  of  Fracture 

Nearly  all  stress  corrosion  failures  exhibit  macroscopically  fiat  fracture  faces. 
However,  if  cracking  is  transgranular,  the  inclination  of  the  crack  plane  to  the 
principal  stress  axis  depends  upon  the  degree  of  preferred  orientation.  Crack 
branching  may  also  modify  the  direction  of  cracking. 

Thin  titanium  alloy  specimens  often  tend  to  exhibit  a mixture  of  ductile 
tearing  and  environmentally  assisted  crack  growth.  Such  areas  might  be  separable 
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into  shear  lips  at  the  specimen  surface  and  a flat  central  portion.  Wien  these 
conditions  prevail,  velocity  measurements  tend  to  be  unreproducible. 

In  previous  sections  the  V-K  relationships  have  been  separated  into  the  dif- 
ferent regions  1,  11,  and  111.  In  these  regions  a wide  variety  of  fracture  topologies 
may  be  exhibited,  depending  on  alloy  composition,  microstructural  factors, 
environment,  and  stress  level.  In  Fig.  42  an  attempt  is  made  to  relate  the  fracture 
topologies  resulting  from  environmentally  assisted  crack  growth  in  titanium 
alloys  to  a “generalized”  V-K  plot.  Thus,  in  most  cases  crack  growth  occurs  in 
region  1 by  intergranular  separation  (A),  in  region  11  by  transgranular  cleavage 
(C),  and  in  the  supercritical  region  (Aic)  by  microvoid  coalescence  (E)  There- 
fore, there  are  two  transition  regions: 

• Between  regions  1 and  II,  mixed  intergranular  and  transgranular  fracture  is 
observed  (B). 

» Between  Region  11  and  unstable  (fast)  fracture,  mixed  transgranular  cleav- 
age and  dimpled  fracture  is  observed  (D). 

There  are  some  exceptions  to  this  generalized  description  of  fracture,  and 
thus  Fig.  42  must  be  regarded  as  ail  oversimplification.  These  exceptions  for 
different  environments  are  discussed  below. 

Fracture  in  Aqueous  Solutions.  In  most  titanium  alloys,  SCC  in  neutral 
aqueous  solutions  occurs  by  transgranular  cleavage.  Examples  uf  such  failures  are 
shown  for  an  a alloy  (Ti-lOAl)  and  0 alloy  (Ti-16Mn)  in  Figs.  42  (C)  and  43, 
respectively.  In  two-phase  a+0  or  0+a  structures,  the  fracture  topology  may  be 
modified,  especially  if  one  phase  is  immune  to  SCC,  as  is  often  the  case  in 
commercial  alloys.  These  modifications  to  the  fracture  surfaces  are  shown  in 
Figs.  44a  and  b for  Ti-6A14V  and  Ti-SMn,  respectively.  The  immune  phases 
normally  fail  in  a ductile  manner,  and  there  is  evidence  that  they  can  act  as 
crack-arrest  sites.  As  mentioned  earlier,  transgranular  cleavage  cracking  of  ti- 
tanium alloys  occurs  on  or  near  specific  crystallographic  planes.  Figure  45 
summarizes  cleavage-plane  determinations  for  a alloys  in  aqueous  and  other  solu- 
tions. It  is  clear  that  the  cleavage  plane  of  the  a phase  is  14  to  16  deg  from  the 
basal  plane,  although  there  is  some  scatter  in  the  actual  indices  of  the  plane.  Less 
work  has  been  performed  on  establishing  the  cleavage  plane  for  0 alloys.  SCC 
occurs  on  the  {lOO}  planes  in  Ti-1 3V-I  lCr-3Al  (36} . The  crack  topologies  in  the 
Ti-Mn  alloys  clso  appeal  consistent  with  this  fracture  plane. 

The  occurrence  of  only  transgranular  cleavage  during  the  SCC  of  all  the  a 
alloys,  as  well  as  several  of  the  0 alloys  in  neutral  aqueous  solutions,  is  consistent 
with  the  “generalized”  cracking  behavior  shown  in  Fig.  42.  However,  in  certain 
heat-treatment  conditions,  some  of  the  0 alloys  fail  by  intergranular  separation 
of  the  type  shown  in  Fig.  46.  A fine  Widmanstatten  a-phase  precipitate  in 
d -phase  matrix  appears  to  be  a requirement  for  such  cracking.  Such  failures  have 
been  observed  in  the  alloys  and  heat  treatments  of  Table  7 (45,63) . 

It  must  be  noted  that  the  ranges  for  aging  temperatures  may  be  more  ex- 
tensive than  those  listed  above. 
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No  region  I behavior  is  observed  for  these  alloys  in  neutral  aqueous  solutions. 
In  contrast,  region  I crack  growth  does  occur  in  concentrated  acidic  solutions.  In 
such  solutions,  however,  it  has  not  been  demonstrated  that  cracking  is  inter- 
granular |40|. 

A final  point  concerning  aqueous  solutions  is  that  the  extent  of  the  transition 
region  D (in  Fig.  42)  appears  to  be  dependent  upon  the  halide-ion  concentration; 
the  higher  the  concentration,  the  narrower  the  transition  region. 

Fracture  in  Methanolic  Solutions.  Two  types  of  fracture  behavior  are  ex- 
hibited by  titanium  alloys  in  methanolic  solutions;  both  are  dependent  on  the 
stress  (or  K)  level  and  the  alloy  composition.  The  first  type  is  observed  in  alloys 
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Fig.  42.  Schematic  of  fracture  topology  observed  in  the  various  regions  of  the  SCC  velocity 
vs  stress  intensity  curve.  Region  A.  Intergranular  separation  typical  of  region  I crack  growth, 
example:  Scanning  electron  micrograph  of  TMAI  tested  in  methanol  (XSOO)  |34],  Region 
C.  Iran  agranular  cleavage  failure  typical  of  region  II  type  growth.  Example:  ri-8AI  tested  in 
3.5%  NaCI  (courtesy  of  R.  R.  Boyer).  Region  E.  Dimpled  failure  typical  of  supercritical 
crack  growth.  Example:  Tt-1 1 ,5Mo-6Zr-4.5Sn  1 45 1 . Regions  B and  D are  transition  regions. 
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(b)  Ti-8Mn  showing  cleavage  of  the  (3  phase  1 1 27 ) 

I ig.  44.  Stress  corrosion  fractures  in  two-phase  alloys  in  which  one  phase  is  immune. 


O Ti  7 2 1 (WATER! 

V T18AI  (AIR  ANO  SALT  SOLUTION! 

A T.  8 1 1 (METHANE.  CARBON  TETRACHLORIDE! 

A Ti  fri  t (HEXANE! 

O Ti  5-2  5 (SALT  SOLUTtONI 
• Ti  0 35*  0 (SALT  SOLUTION! 

f ig  45.  Central  portion  of  unit  stereographic  triangle  of  the  HCP  projection  showing  the 
experimentally  determined  positions  of  the  transgranular  cleavage  plane.  The  left  side  is 
(1120)  rone,  the  right  side  is  the  ( 1010)  zone  ] 1 25 1 . 
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1 ig.  46.  Intergranular  SCC  of  Ti-ll.SMo-6Zr-4.SSn  aged  100  hr  a) 
900°1-'  and  tested  in  0.6  + AO  (X200)  (region  II  type  growth)  [45). 


not  susceptible  to  SCC  in  aqueous  solutions  (c.g.,  Ti-SOA);  such  alloys  show 
intergranular  separation  in  the  inethanolic  solutions,  and  cracking  may  occur  in 
the  absence  ol  stress  [55,57,60,108].  The  application  of  stress  accelerates 
cracking,  but  the  intergranular  failure  mode  is  unchanged  and  remains  inde- 
pendent of  stress  level.  A typical  example  is  shown  in  the  scanning  electron 
micrograph  in  Fig.  47.  Such  behavior  is  considered  (by  the  authors)  to  correlate 
with  region  I. 

The  second  type  of  fracture  behavior,  region  11  growth,  is  generally  observed 
in  alloys  that  are  susceptible  to  SCC  in  aqueous  solutions  (e.g.,  in  alloys  con- 
taining 5 % or  more  aluminum.  In  such  alloys  both  intergranular  and  Irans- 
granular  fracture  are  observed  in  methanolic  solutions  [55,57,108].  The 
general  appearance  of  the  transgranular,  cleavagelike  failure  and  the  habit  of  the 
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cleavage  plane  |I25|  are  essentially  the  same  as  those  observed  in  aqueous 
solutions.  Region  I type  growth  occurs  by  intergranular  separation  (64)  and  is 
thus  consistent  with  the  “generalized"  behavior  shown  in  Fig.  42.  Although  both 
intergranular  and  transgranular  cracking  have  been  observed  by  several  workers 
on  smooth  specimens  of  titanium  alloys,  it  is  only  recently  that  the  dependence 
of  cracking  mode  on  stress  intensity  has  been  established  |64],  The  cleavage 
plane  in  the  a phase  is  the  same  as  that  observed  in  aqueous  solutions  J 1 28, 
129] . 

There  are  three  possible  exceptions  to  the  “generalized”  behavior  shown  in 
Fig.  42,  all  of  which  occut  in  (3  alloys.  The  fracture  mode  in  Ti-!6V  and  Ti-20Mo 
has  been  reported  to  change  from  transgranular  cleavage  to  intergranular  separa- 
tion if  the  grain  size  is  decreased  from  100  to  50  pm  or  if  the  coarse-grained 
material  is  deformed  [62].  In  addition,  intergianular  separation  observed  in  fine 
(f3+a)-phase  structures  in  some  metastable  (3  alloys  tested  in  aqueous  solutions 
also  occurs  during  region  II  crack  growth  in  methanolic  solutions  (Fig.  49,  Ref. 
63).  It  has  been  reported  that  Ti-ll.5Mo-6Zr4.5Zn  (Beta  111)  fails  trans- 
granularly  at  low  stress  intensities  in  methanolic  solutions  [92] . 

Fracture  in  Other  Organic  Liquids.  The  fracture  topology  and  cleavage  plane 
of  Ti-8Al-lMo-l  V in  a number  of  organic  liquids  have  been  found  to  be  similar 
to  those  observed  in  aqueous  and  methanolic  solutions  [67] . 

One  possible  deviation  from  the  “generalized"  behavior  shown  in  Fig.  42  is 
that,  on  testing  Ti-8Al-lMo-l  V in  carbon  tetrachloride,  no  intergranular  failure 
is  observed  in  region  I [64] . Furthermore,  the  transgranular  failure  in  CCLj  is 
characterized  by  very  flat  and  featureless  cleavage  facets  [130] . 

Again  the  cleavage  plane  in  the  a phase  is  the  same  as  in  aqueous  and 
methanolic  solutions  [125] . There  is  a scarcity  of  data  on  the  fracture  behavior 
of  (3  alloys  in  organic  liquids. 

Fracture  in  Nitrogen  Tetroxide.  The  fracture  of  Ti-5Al-2.5Sn  in  N2O4  occurs 
by  both  transgranular  and  intergranular  separation  modes  [106],  The  trans- 
granular mode  has  the  typical  cleavagelike  appearance.  A more  detailed  study  ori 
the  nature  of  cracking  in  N2O4  has  been  performed  ]52)  where  a series  of 
alloys,  mostly  of  the  a and  <+(3  types,  was  investigated.  While  cracking  in  Ti4Al 
was  entirely  intergranular,  cracking  in  Ti-8A1  occurred  by  both  intergranular 
separation  and  a transgranular  cleavage  mode.  Additions  of  /^-stabilizing  elements 
such  as  vanadium  to  either  Ti4Al  or  Ti-8A1  produced  more  transgranular  cleav- 
agelike failures.  Furthermore,  there  was  some  evidence  that  the  mode  of  crack- 
ing in  the  Ti4A14V  alloy  was  dependent  on  stress  intensity;  at  low  K levels 
intergranular  failure  was  observed,  and  at  high  K levels  transgranular  failure 
occurred.  These  observations  are  therefore  consistent  with  the  “generalized" 
fracture  behavior  shown  in  Fig.  42.  It  must  be  emphasized,  however,  that  the 
V-K  relationships  are  not  known  for  N2O4  environments. 

Fracture  in  Red  Fuming  Nitric  Acid.  There  are  very  few  data  on  the  fracture 
topology  behavior  of  titanium  alloys  in  RFNA.  Some  limited  work  performed 
on  Ti-8Mn  indicates  that  cracking  is  predominately  intergranular  [ 1 ] . 
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Fracture  in  Hot  Salts.  The  details  of  fracture  path  analysis  alter  hot  salt 
testing  are  not  as  well  established  as  those  for  other  environments  due  to  the 
corrosive  nature  of  hot  salts.  The  crack  path  depends  upon  the  alloy  composi- 
tion. For  example,  in  Ti4Al-3Mo-lV  cracking  was  shown  to  be  predominantly 
intergranular,  while  in  Ti-5AI-2.5Sn  both  intergranular  and  transgranular  crack- 
ing were  observed.  It  has  been  shown  that  cracking  in  Ti-8AI-lMo-lV  and  Ti- 
6A14V  is  predominantly  intergranular  (76,131-134].  There  is  no  information 
on  the  influence  of  stress,  if  any,  on  the  fracture  behavior  of  titanium  alloys  in 
hot  salt  environments.  The  fracture  path  appears  to  be  dependent  upon  heat 
treatment  in  a alloys.  For  ex  implc,  in  material  solution  treated  above  the  (3 
transus,  cracking  is  predominantly  transgranular,  while  in  material  treated  below 
the  transus,  fracture  is  predominantly  intergranular. 

Cracking  of  a series  of  a and  cr+P  alloys  is  predominantly  intergranular  when 
tested  in  magnesium  chloride  at  154°C  (135). 

Fracture  in  Molten  Salts.  Ti-8Al-lMo-l  V is  the  only  alloy  that  has  been  tested 
in  molten  saits,  and  in  this  alloy  cracking  occurs  by  a transgranular  cleavage 
mode  in  region  II  [64] . The  cleavage  plane  nas  not  been  determined  accurately, 
but  preferred  orientation  effects  indicate  that  it  is  the  same  as  that  observed  in 
aqueous  solutions  and  organic  liquids.  At  this  time,  the  fracture  mode  in  region  1 
has  not  been  determined. 

Fracture  in  Liquid  Metals.  There  is  only  a limited  amount  of  data  on  the 
fracture  mode  of  titanium  alloys  in  liquid  metals.  The  fracture  of  Ti-8Al-lMo-l  V 
in  mercury  conforms  with  the  generalized  behavior  illustrated  in  Fig.  42.  Thus, 
region  II  crack  growth  occurs  by  transgranular  cleavage;  at  low  K levels  (in 
region  I)  cracking  is  predominantly  intergranular  (64] . 

All  other  observations  of  liquid-metal-induced  cracking  have  beer  obtained 
from  tests  in  which  V-K  conditions  were  not  well  defined.  For  example,  it  has 
been  shown  that  both  Ti-SOA  (89]  and  Ti-1 3V-I ICT-3AI  [48]  fail  by  inter- 
granular separation  in  liquid  cadmium.  Ti-8Al-IMo-I  V and  Ti-6A!4V  (ail  by  a 
mixture  of  transgranular  and  intergranular  cracking  after  embrittlement  by  solid 
cadmium  ]9 1 ] . 

In  contrast  to  its  behavior  in  liquid  cadmium,  Ti-3 1 V-l  ICr-3Al  fails  by  a 
predominantly  transgranular  mode  in  liquid  zinc  (48  ] . 


Crack  Branching 

General  Behavior.  Crack  branching  (or  bifurcation)  was  first  recognized  dur- 
ing studies  of  the  propagation  of  unstable  (fast  fracture)  cracks  in  glass  and 
plastic  materials  (136] . A similar  phenomenon  also  occurs  during  subcriticai  crack 
growth  and  has  recently  been  systematically  investigated  in  a variety  of  materials 
) 1 37 ] . Two  types  of  branching  are  distinguished: 

I . Microbranching,  in  which  the  crack  front  splits  into  several  local  cracks 
with  separation  distances  of  the  order  of  a grain  diameter. 
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2.  Ma  crobranching.  in  which  ihe  crack  xeparales  into  iwo  or  more  macro- 
scopic components  that  tend  to  diverge.  Rules  proposed  for  macrobranching  are 
a.  The  existence  of  a region  II  behavior. 

b A stress  intensity  Kg  > 1.4  Kp,  where  Kg  is  the  stress  intensity  for 
macrobranching  and  Kp  is  the  stiess  intensity  for  the  initiation  of  plateau  be- 
havior (Fig.  48). 

c.  The  existence  of  a relatively  isotropic  microstructure  or  SCC  sus- 
ceptibility. 


log.  48.  Schematic  of  the  dependence  of  micro  and  macro  crack  branching  on 
Ihe  K level  Kp  is  the  onset  of  region  II  plateau  behavior.  Kg  is  approximately 
1.5  tin.es  Kp  at  the  onset  of  macrobranching  |137|. 

There  appears  to  be  no  detailed  analyses  for  microbranching  behavior,  al- 
though it  is  a common  occurrence  in  SCC.  especially  in  region  Ila  type  growth 
(Region  Ila  is  shown  in  Fig.  18.) 

Crack  branching  modifies  and  complicates  the  determination  of  A'  values,  and 
its  occurtence  can  Lad  to  incorrect  determinations  of  A|JCC  [137] . 

Branching  in  Titanium  Alloys.  An  example  of  crack  branching  in  Ti-1 1 ,5Mo- 
6Zr  4.5Sn  is  shown  in  Fig.  49.  This  micrograph  was  taken  from  a SEN  specimen 
tested  in  0.6  M LiCl  in  methanol  under  increasing  stress  intensity.  It  can  be  seen 
that  cracking  can  be  divided  into  three  regions:  region  X,  in  which  the  crack  is 
relatively  straight  but  with  a few  microbranches,  region  Y,  in  which  profuse 
microbranching  occurs;  and  region  Z,  where  the  crack  divides  macroscopicaliy 
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into  two  components.  Since  cracking  is  intergranular  and  the  grain  structure  ts 
equiaxed.  this  is  an  example  oi  propagation  in  an  isotropic  material. 

Branching  also  occurs  in  p alloys  that  fail  by  transgranular  cracking,  as  the 
three  (lOO}type  cleavage  planes  are  sufficient  to  allow  relatively  isotropic  be- 
havior. An  example  for  Ti-8Mn  is  shown  in  Fig.  50.  In  a alloys,  however,  trans- 
granular cleavage  occurs  on  planes  near  {000l}  and  thus  the  situation  is  more 
complicated.  Macroscopic  crack  branches  with  large  angular  separations  are 
therefore  impossible,  especially  in  materials  with  a high  degree  of  preferred 
orientation.  However,  macrobranching  has  been  observed  in  some  or  alloys;  an 
example  is  shown  lor  Ti-7A1-1 .5Mo-0.5V  in  Fig.  51.  In  such  alloys  the  angle 
between  the  crack  branches  is  controlled  by  the  relationship  of  specimen  orien- 
tation to  the  preferred  orientation.  Finally,  it  should  be  noted  that  micro- 
branching  is  very  prevalent  in  many  a alloys,  possibly  because  of  the  extensive 
region  1 1 a behavior. 

5.6  Additional  Factors  and  Prevention  of  SCC 

This  section  examines  briefly  the  use  and  service  experience  gained  with 
titanium  alloys  over  the  past  decades  and  the  influence  of  manufacturing  proc- 
esses on  SCC. 

Service  Experience 

Titanium  alloys  are  used  in  diverse  fields  ranging  from  outer  space  to  the 
circus  ring.  The  bulk  of  material  used  at  this  time  is  in  gas  turbine  engines  in 
which  the  use  of  alloys  is  limited  by  high  temperature  mechanical  properties 
rather  than  by  SCC  resistance.  It  is  possible  that  if  the  operating  temperatures 
are  increased,  hot  salt  SCC  problems  may  be  encountered.  In  this  and  other 
applications  which  for  high  strength  titanium  alloys  are  almost  entirely  restricted 
to  aerospace  usage,  titanium  has  been  remarkably  free  from  SCC  problems 
Sonic  examples  (and  possible  examples)  are  listed  below: 

• Turbines.  Problems  with  cadmium-plated  parts  (liquid-  or  solid-metai 
cracking).  Also  problems  with  silver-plated  parts  (due  to  hot  salt  SCC  by  AgCl). 

• Rocket  Pressure  Vessels,  etc.  Apollo  lank  failures  in  N2O4  and  methanol. 
Minuteman  II  rocket  cases;  these  failures  may  not  be  assigned  to  SCC  with 
certainty. 

• Airplanes.  No  failures  have  been  reported  that  were  caused  by  SCC,  al- 
though such  failures  were  encountered  in  initial  SST  hardware  constructed  of 
Ti-8Ai-IMo-lV. 

• Marine.  One  case  of  SCC  failure  of  a propeller  casting  has  been  reported, 
initiated  by  high  cycle  corrosion  fatigue. 

The  reasons  for  the  excellent  service  record  of  titanium  alloys  (when  com- 
pared with  high  strength  aluminum  alloys  and  steels)  can  be  attributed  to  several 
factors  including: 
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t ig.  51.  Macro-  and  microbranchtng  in  Ti-7Al-1.5Mo-0.5V  tcited  in  3.5%  NaCl  (open 

circuit)  [ 34 1 . 
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• Less  titanium  is  used  (cost  is  a factor). 

• Where  it  is  used  the  stresses  are  usually  relatively  low. 

• Humid  air  and  water  arc  much  less  aggressive  environments  toward  ti- 
tanium alloys  than  salt  water;  this  is  not  (rue  for  high  strength  steels  and  alumi- 
num alloys. 

• Corrosion  pits,  which  often  act  as  SCC  crack  nucleation  sites  in  structures, 
do  not  form  in  titanium  alloys  at  room  temperature. 

• Titanium  alloys  exhibit  good  fatigue-crack  nucleation  and  crack-growth  (at 
low  K levels)  properties. 

• Most  titanium  alloys  have  relatively  high  K |Jcf  levels,  and  no  (slow)  region 
I type  crack  growth  is  expected  in  neutral  aqueous  environments. 

To  take  some  extreme  examples,  and  assuming  long  time  exposures  (i.e.,  the 
kinetics  of  crack  growth  are  not  important),  we  can  compare  the  high-suscepti- 
bility materials  4340  steel  (280  ksi),  7079  T651  aluminum  alloy,  and  Ti-8A1- 
lMo-lV  MA  titanium  alloy.  As  a basis  of  comparison  the  ratio  (yield  strength/ 
density)  K\scc  is  used  from  which  the  following  rating  results:  Aluminum  3500, 
steel  9300,  titanium  17,500,  which  demonstrates  perhaps  the  merit  of  a high  and 
real  K\scc  value.  (However  if  a cost  factor  were  also  included  the  titanium  alloy 
would  rate  last.)  The  comparison  of  more  resistant  alloys  is  difficult,  as  the 
kinetics  of  crack  growth  are  a much  more  important  factor  in  determining  the 
life  time  of  a structure. 

The  following  sections  attempt  to  provide  the  engineer  with  additional  in- 
formation on  factors  which  may  influence  the  service  performance  of  titanium 
alloys.  It  should  be  pointed  out  that  the  accurate  characterization  of  the 
mechanical  and  chemical  environments  experienced  by  a structure  is  an  essential 
prerequisite  to  an  entirely  rigorous  approach  to  material  selection  from  labora- 
tory data,  and  such  characterization  is  almost  never  available.  Further,  the  points 
made  can  only  be  regarded  as  indications  potential  problems  as  they  are  not 
based  on  service  experience. 


Residual  Stresses 

In  addition  to  any  externally  applied  stresses,  other  stresses  can  be  present  in 
structural  parts  due  to  forming  and  shaping,  heat  treatment  and  manufacturing 
processes.  The  origin  of  such  stresses  and  stress-relieving  procedures  are  sum- 
marized in  Ref.  1 38.  Probably  the  most  important  influence  of  residual  stresses 
in  titanium  alloys  is  the  loss  of  properties  under  a reversed  stress  (the  Bausch- 
inger  effect,  which  is  quite  large  in  titanium  alloys).  However,  residual  stresses 
could  influence  SCC  behavior  in  two  ways.  First,  it  has  been  shown  that  com- 
pressive surface  stresses  (produced  by  peening)  can  be  beneficial  in  reducing  hot 
salt  SCC  (92].  Second,  residual  tension  stresses  could  lead  to  unanticipated  SCC 
problems,  as  local  stresses  may  be  amplified  to  values  well  above  design  stresses. 
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Crack  Nucleation 

All  structures  are  designed  to  operate  under  elastic  loads,  and  thus  in  many 
titanium  alloys  some  form  of  stress  concentration  is  required  for  the  nucleation 
of  a stress  corrosion  crack  in  aqueous  environments.  Such  concentrations  may  be 
produced  in  several  ways  as  discussed  below. 

1.  Material  imperfections.  No  manufacturing  process  is  perfect  and  most 
structural  materials  contain  imperfections  which  may  be  potential  cracks-the 
larger  the  structure  the  more  likely  that  imperfections  are  present. 

2.  Design  and  mechanical  damage.  Many  structures  contain  holes,  reentrant 
angles,  etc.,  and  such  regions  may  act  as  potential  crack-nucleation  sites. 
Furthermore,  poor  machining  techniques  and  accidental  damage  could  lead  to 
long  shallow  surface  flaws;  it  should  be  noted  that  such  flaws  are  both  common 
and  potentially  very  damaging. 

3.  Fatigue  cracks  can  be  formed  if  a structure  is  subject  to  cyclic  stressing. 
These  cracks  usually  nucleate  at  the  sites  listed  in  1 and  2.  The  growth  of  fatigue 
cracks  in  a corrosive  environment  is  a complex  process  and  lies  outside  the  field 
of  this  monograph.  It  is  obvious  that  such  cracks  could  act  as  very  effec'ive  SCC 
nucleation  sites. 

4.  Corrosion.  The  general  corrosion  resistance  of  titanium  alloys  is  excellent 
in  many  environments (p.  273).  However,  titanium  alloys  can  undergo  crevice  and 
pitting  corrosion.  Crevice  corrosion  occurs  at  elevated  temperatures  in  the 
presence  of  Cl  . Br',  or  I"  ions,  and  the  concentration  of  these  ions  and  the  crevice 
geometry  also  influence  the  rate  of  attack. 

Joining 

In  most  structures  of  titanium  alloys  the  material  will  be  joined  to  other  parts 
of  the  structure.  Some  factors  relevant  to  SCC  in  such  assembled  structures  are 
listed  below: 

1 . Welding.  Most  a and  a+0  titanium  alloys  can  be  welded  successfully.  0+a 
alloys  present  welding  problems,  but  technology  in  this  field  is  improving  and 
some  0 alloys  are  considered  weldable.  For  example,  a German  space  vehicle 
contains  a welded  hemispheie  of  Ti-1 3V-1  lCr-3Al.  Electron  beam,  tungsten 
inert  gas  (GTA  or  TIG)  and  metal  inert  gas  (GMA  or  MIG)  methods  are  the  most 
widely  used  welding  processes.  As  the  risk  of  contamination  is  high,  welding  is 
normally  carried  out  in  either  argon  or  vacuum.  Porosity  and  contamination  by 
oxygen  and  hydrogen  are  potential  problems  that  could  influence  subsequent 
SCC  behavior,  but  these  may  be  avoided  by  careful  welding  procedures.  It  has 
been  shown  that  very  high  residual  stresses  are  present  after  welding;  for  ex- 
ample, longitudinal  stresses  of  >60  ksi  have  been  measured  in  Ti-6A1-4V  at  the 
weld  centerline  [ 1 39 j . Most  welded  structures  are  given  postweld  heat-treatment 
cycles,  the  exact  details  of  which  depend  upon  the  alloy.  Heating  to  1000  to 
I600°F  for  15  to  60  min  is  the  most  common  practice.  Finally,  it  should  be 
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noted  that  the  weld  metal  and  the  heat-afleeted  /.one  will  have  different  micro- 
structures  from  the  hase  metal,  and  these  microstructures  will  be  further 
modified  by  a postweld  heat  treatment.  Heat  treatment  should  be  designed  to 
circumvent  undesirable  phase  structures;  for  example,  slow  cooling  of  Ti-SAI- 
2.5Sn  may  result  in  the  precipitation  of  the  (*2  phase  and  thus  increase  SCO 
susceptibility. 

Examples  of  the  influence  of  welding  on  SCC  resistance  are  shown  in  Fig.  52. 
It  can  be  seen  that  in  most  cases  weld  metal  has  slightly  lower  toughness 
properties  with  respect  to  the  base  metal  and  that  properties  are  restored  after 
subsequent  heat  treatment.  The  extent  of  the  property  changes  is  dependent  on 
the  alloy  and  possibly  on  the  method  of  welding  [ 140) . 


BASEPLATE  MIG  WELD  HT  MIG  WELD 

II  vUCPfn  MR.'He COOLI 


t ig.  52.  Environmental  cracking  characteristics  of  a MIG  weldment  of  the  titanium 
alloy  Ti-6Al-6V-2Sn-ICi-0.SFe  (1401- 


2.  Brazing.  Titanium  alloys  can  be  successfully  brazed  with  a wide  variety  of 
braze  alloys,  e g.,  Ti-Cu-Ni,  Ti-Zr-Be,  Al,  etc.  There  appear  to  have  been  no 
reports  on  the  subsequent  SCC  behavior  of  brazed  structures.  The  problems 
encountered  with  silver  braze  alloys  in  turbines  [90]  may  serve  to  illustrate  the 
problems  that  can  arise  from  other  metals  in  titanium  structure. 

3.  Mechanical  joints.  Titanium  fasteners  have  been  used  relatively  widely  in 
airplane  and  aerospace  applications.  For  example,  as  early  as  1953  the  B-S2 
bomber  utilized  a large  number  of  titanium  fasteners.  The  most  common 
fastener  alloys  are  commercial  purity  titanium  and  Ti-6A1-4V  although  some  of 
the  new  p+a  phase  alloys  such  as  Ti-ll.6Mo-5Zr-4.5Sn  are  being  considered  for 
this  application  due  to  their  superior  driveability.  Titanium  fasteners  have  per- 
formed well  in  service,  and  no  failures  attributable  to  SCC  have  been  reported. 
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